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Chapter 1 
General Introduction 
     Carbon is the most versatile among the elements owing to the type, strength, 
and number of bonds it can form with many different elements. Carbon can bind in 
a sigma (σ) and phi (π) bonds while forming the molecule. The number and nature 
of the bonds determine the geometry and properties of carbon allotropes [1]. The 
bonding structure and properties of carbon atom is important to understand the 
structures and properties of carbon nanotubes (CNT). Carbon is definitely an 
inimitable element that enables to create an extended two-dimensional sheets 
structure in the elemental form. Their structural assortment, exotic geometries and 
more so in curvature and topological aspects create the nanoscale geometric  
allotropes of carbon such as cylindrical nanotubes, conical nanocarbons, and quasi- 
spherical fullerenes (Figure 1.1) in fact, has an important role in determining the 
physical and chemical properties of carbon nanostructures [2,3]. This nature has 
been drawn a great attention both of theoretical and experimental aspects for 
developing the new nanostructured carbon and challenging the application through 
assembly with the guest molecules.  
 
 
 
 
 
 
Figure 1.1 The geometrical allotropes of nanocarbon; fullerenes (a), cylindrical 
nanotubes (b), and conical nanocarbon (c) [2,10] 
(a) (b) (c) 
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Carbon nanotubes (CNT) actually can be viewed as a hollow cylinder formed 
by rolling graphene sheets with predominantly sp2 bonding. The sp2 hybrid orbital 
permits carbon atoms to form hexagonal (defect free) and occasionally pentagon/ 
heptagon (defective) units by in plane σ bonding and out of plane π bonding, 
leading to the distinctive mechanical, electronic, thermal and electrical properties 
[3-5]. In particular, single-wall carbon nanotubulites such as single-wall carbon 
nanotubes (SWCNT) and single-wall carbon nanohorns (SWCNH) have 
remarkable potential applications in separation and storage of gases, new reaction 
fields, electrodes, and optoelectronic devices [6-8].  
The slit-shaped nanopore spaces induce a distinctive acceleration in chemical 
reactions and electrical charge storage due to enhanced molecule or ion-wall 
interactions. Single-wall carbon nanotubulites have huge surface areas owing to the 
availability both of internal and external surfaces of the carbon single wall. At the 
same time, they have nanopore spaces with much stronger interaction potential 
wells for molecules than slit-shaped ones, being promising for adsorption. 
Particularly, the structure of SWCNT can be conceptualized by wrapping a 
graphene sheet into a seamless cylinder [1-5]. On the other hand an SWCNH has 
more defect structure with the horn-like shape and the wall comprised of a 
graphene sheet with many pentagonal and heptagonal carbon rings, being different 
from SWCNT [9,10]. 
      The chemical reactivity of single wall carbon nanotubulites is essentially 
governed by the local atomic arrangement of a reaction site and its curvature. The 
presence of a curved carbon surface is one of the conditions for any molecular 
system to interact effectively with the carbon nanomaterials. The single wall 
carbon nanotubulites is a representative of carbon nanomaterial that can be used 
for understanding molecular processes on nanostructures, where all carbon atoms 
are exposed to both-side surfaces, that is the external and internal surfaces whose 
curvature are positive and negative, respectively. The concept of curvature has 
some important implications in defining not only the reactivity of carbon 
nanomaterials but also selective adsorption or desorption molecular systems as 
well as magnetic and electronic properties [11]. A systematic study on how the 
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chemical reactivity of various types of carbon nanomaterials is modified with the 
degree of curvature is still an open issue which needs to be addressed in a 
generalized manner. In particular, the effect of nanoscale curvature on the 
interfacial properties of single wall carbon nanotubulites should give an essential 
insight to the nanoscale interfacial science.  
    The concept of curvature is directly related to pyramidalization.  
Pyramidalization is a distortion of the molecular shape toward a tetrahedral 
geometry molecules, where the pyramidalization angle (θp) can be  defined as the 
angle between the free π-orbital and the neighboring σ-bonds minus 90o. The 
increase of the pyramidalization angle causes higher reactivity of the free π-
electron [12]. Carbon nanotubes are moderately curved and expected to be less 
reactive than most fullerene molecules due to their smaller curvature, but more 
reactive than a graphene sheet. The remarkable difference in reactivity of the 
carbon nanotubes  is based on  the introduction of strain by the bending of the 
planar graphene sheet into a three-dimensional carbon framework. The curvature-
induced pyramidalization at the individual carbon atoms and the π-orbital 
misalignment between adjacent carbon atoms determine the chemical reactivity of 
nonplanar conjugated carbon structure [13]. 
Figure 1.2 shows the pyramidalization angle that can be defined as follows; a 
vector is drawn from the nucleus of a given atom, so that it makes equal angles θσπ 
with the directions of the bonds with the adjacent carbon atoms. Then, 
pyramidalization angle is calculated as the difference θP = (θσπ – 90)o. The θP is 0° 
and 19o for sp2 and sp3 hybridized carbon atom, respectively. The relationship 
between θP and curvature (k) of the surface on which the carbon nanotubes atom 
are arranged is expressed as k = 2sinθP/a, where a is the average distance to 
adjacent atoms [14].  
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Figure 1.2 Representation of pyramidalization angle (θp) [14] 
 
The electronic and transport properties of single wall carbon nanotubulites are 
in fact promising for development the building block of molecular electronic. 
Since the electronic property of single wall carbon nanotubulites strongly depends 
on chirality and diameter size, controlling this property is crucial for widespread 
applications in miniaturized optoelectronic devices. Tuning electronic and 
transport properties of single wall carbon nanotubulites by either intra or 
intermolecular charge transfer has been proposed. The assembly some electron 
donor or acceptor molecules on single wall carbon nanotubulites have been 
introduced to adjust the electronic structure through the charge transfer interaction 
[15,16]. Such adsorbed molecules control is suggested can induce the charge 
transfer, leads to the changes in electronic and transport properties of nanotubes 
with variation in nature and concentration of precursor molecules. 
The molecular charge transfer in carbon nanotubes system is belong to the non-
covalent chemistry which is formed by the weak association of molecules with 
carbon nanotubes. One acting as electron donor and another as electron acceptor 
species, and could be vice versa, in which a fraction of electronic charge is 
transferred between the molecular entities. Charge transfer interactions are formed 
by electronic transition to an excited state in which there is a partial transfer of 
electronic charge from the donor to the acceptor moieties (IUPAC). The resulting 
electrostatic attraction provides a stabilizing force for the molecular-carbon 
nanotubes system. The single wall carbon nanotubulites exhibited amphoteric 
character that can interact with either electron donors or acceptors. Some electron 
θp=0 θp=19.47 
TRIGONAL TETRAHEDRAL 
θσπ =90 θσπ =109.47 
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donor or acceptor molecules such as metals, halogen, and organic molecules have 
been introduced to adjust the electronic property of single wall carbon nanotubes. 
In particular, the polycyclic aromatic hydrocarbon (PAHs) have successfully tuned 
the physical and chemical properties of carbon nanotubes owing to the structural 
similarity and π-conjugated nature [17,18]. 
Due to molecular charge transfer, the attachment of guess molecules on 
SWCNT system can be performed by either side wall interaction or encapsulation 
in the hollow cavity of the nanotubes. Strano et al. proposed the mechanism of 
molecular charge transfer in carbon nanotubes system through the concept of 
aromaticity, highest occupied molecular orbital (HOMO), and lowest unoccupied 
molecular orbital (LUMO) gaps to explain the different reactivity of metallic and 
semiconducting nanotubes [15]. 
 
 
 
 
 
 
 
 
Figure 1.3 The frontier orbital representation of charge transfer interaction 
between a molecule and single wall carbon nanotubes [15] 
 
The schematic representation of charge transfer interaction (Figure 1.3) shows 
where the frontier molecular orbitals are designated as HOMO-LUMO and the 
nanotubes orbital are represented by density of state (DOS) plot. Since SWCNT 
can be either metallic or semiconducting, the frontier orbitals of metallic nanotubes 
correspond to the orbitals near Fermi level while the frontier orbitals of 
semiconducting nanotubes can be related to the van Hove singularities in the 
valence and conduction bands. The site-selective physical adsorption using non-
covalent bonding is promising to extend the performance of single wall carbon 
DOS 
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nanotubulites without adjust their nature and structures, and thereby the 
fundamental understanding on charge transfer interaction between guess molecules 
and single wall carbon nanotubulites as well as mechanism of molecular adsorption 
in carbon nanotubes system is important. 
    The deep understanding on the doping effect of guess molecules in order to 
attain the optoelectronic application of single wall carbon nanotubulites is 
essential. In general, this study will focus on controlling the electronic property of 
single wall carbon nanotubulites properties through doping the guess molecules. 
The liquid phase adsorption is recognized as selected one of the simple and 
efficient methods for attachment of guess molecules on nanotubes system. 
Particularly, interaction of dopant species with the tube wall of carbon 
nanotubulites mainly involves the charge transfer. Since the charge transfer 
interaction leads to electron resonance occurs in the electro-magnetic spectrum, a 
series of spectroscopy methods will be the powerful techniques to investigate the 
electronic property change of carbon nanotubulites. 
      Chapter 2 introduces the brief overview of carbon nanotubulites. Particularly, 
the structures, properties, and preparation method of single wall carbon nanotubes 
(SWCNT) and single wall carbon nanohorns (SWCNH) are described. The 
adsorption concepts including porosity, adsorption isotherms, and determination of 
pores structure parameter are presented in Chapter 3. As well, the basic theory and 
principle analysis of some characterization methods such as X-ray diffraction, 
Raman spectroscopy, optical spectroscopy, electron microscopy, X-ray 
photoelectron spectroscopy, electrical conductivity, and liquid and gas adsorption 
isotherms are briefly introduced in Chapter 4. 
      Chapter 5 presents the chemical modification of SWCNH with iodine 
molecules through liquid phase adsorption. At present, the doping and/or 
encapsulation of halogen such as bromine and iodine on SWCNT through capillary 
filling in molten and gas phase at higher temperature and liquid phase adsorption 
have been reported. The iodine intercalation effectively modified the electronic 
structure of SWCNT indicated by the considerable enhancement of electrical 
conductivity of SWCNT. However, there was no report for modification of 
  
7 | P a g e  
 
electronic property of SWCNH with iodine molecules through liquid phase 
adsorption. Since SWCNH have high purity and exhibit unique electronic nature 
being different from SWCNT, tuning of electronic structure of SWCNH with 
iodine molecules is important to understand the charge transfer interaction between 
the highly defective nanocarbon and electron acceptor species, furthermore, 
hopefully can widening the application of SWCNH in miniaturized electronic 
devices as building block material for molecular electronic as well as SWCNT.  
      Chapter 6 describes the modification of electronic property of SWCNT with 
dye molecules encapsultion. The researches on dye-functionalized SWCNT have 
been focused on the application aspect of these functionalized materials in photo-
sensitizing and electrochemical process due to its distinctive photosensitive 
function and electrochemical property. However, the fundamental investigation 
about interaction between dye molecules and nanotubes spaces as well as 
electronic structure change of SWCNT induced by dye molecules is still limited. 
Dye molecules are actually indispensable to develop carbon nanotubes based 
molecular optoelectronic system such as solar cell, sensitisizer, and 
electrochemical device, therefore, the fundamental understanding on the doping 
effect of dye molecules of SWCNT properties from the view point of the 
interfacial science is important. Since changing of nanotubes diameter allows one 
to modify their electronic property, in this study, we attempt to embed the 
methylene blue molecules in the internal tubes space for tuning electronic structure 
of SWCNT in spite of a geometrical complexity in the contact between the planar 
molecule and convex surface. The partial swelling of SWCNT on encapsulating 
methylene blue molecules with the charge transfer interaction will be 
comprehensively investigated. 
      Finally, the result on charge transfer-aided modification of single wall carbon 
nanotubulites due to controlling electronic property of SWCNH and SWCNT with 
iodine and methylene blue-dye molecules, respectively, by means of liquid phase 
adsorption will be generally summarized.  
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Chapter 2 
Nanocarbon Materials 
 
2.1. Historical Background 
     Prior to the discovery of carbon nanotubulites, carbon in the solid phase exist 
in three allotropic forms i.e. graphite, diamond and charcoal. For instance, in 1985 
Kroto, Smalley, Curl and coworkers were successfully synthesized the nanocarbon 
material consists of sixty carbon atoms called as fullerene (C60) [1]. This discovery 
has drawn great intention due to its structure, properties and formation mechanism 
A few years later, some research works led to discovery of new nanocarbon 
material. In 1991, Iijima evidenced the existence of carbon nanotubes through 
detection of multi wall carbon nanotubes (MWCNT) using a transmission electron 
microscope [2]. Two years after first discovery, Iijima et al. and Bethune et al. 
simultaneously and independently observed single wall carbon nanotubes 
(SWCNT) [3,4]. Although Iijima is recognized with his official discovery, carbon 
nanotubes were probably already observed since thirty years ago, where around 
1960, Bacon might found the carbon nanotubes when he studied the melting of 
graphite under high pressures and temperatures. Also, in 1970, Endo was produced 
carbon fibers by pyrolisis of benzene and ferrocene at high temperature. He found 
carbon a hollow core and a catalytic particle on the sample through high resolution 
transmission electron microscopy. Since these pioneer works, carbon nanotubes 
research has been developed into a leading area in nanotechnology. A variety of 
nanocarbon materials will be introduced in the next section. 
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2.2. Single Wall Carbon Nanotubes 
2.2.1 Structure and Chirality 
    Single wall carbon nanotube (SWCNT) is actually a concentrically rolled 
graphene sheet with a large number of potential chirality and helicity. Its diameter 
and length are in nanometer and micrometer order, respectively. The SWCNT can 
be considered as one-dimensional structure because of length to diameter ratio that 
mainly consists of two regions with different physical properties and structural 
stability. One is the sidewall tube and the other is the end cap of the tube which is 
similar to a hemisphere of a smaller fullerene. The cup region is more unstable 
than sidewall tube where it can be easily removed by oxidation treatment. The 
geometrical structure of SWCNT is determined by the way of a graphene sheet is 
rolled up. Its structures are classified into armchair, zigzag and chiral carbon 
nanotubes (Figure 2.1).  
 
 
 
 
 
 
 
 
 
Figure 2.1 Three types of SWCNT: armchair (A), zigzag (B), and chiral (C) 
nanotubes 
 
     Actually, the cylindrical structure of SWCNT is assigned by diameter and 
chiral angle. Considering the unrolled hexagonal lattice of SWCNT with 
crystallographic equivalent site of O, A, B and B’ on a two-dimensional graphene, 
a tube can be made by corresponding that equivalent site (Figure 2.2). Two 
vectors, Ch and T, whose rectangle defines the unit cell, can be introduced to 
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describe such a fundamental characteristic of SWCNT [6-8]. Thoroughly, the 
chiral vector Ch corresponds to a vector OA of the nanotube perpendicular to the 
tube axis. The Ch defines the circumference on the surface of the tube connecting 
two equivalent carbon atoms that can be expressed by unit vectors of the hexagonal 
honeycomb lattice of the graphene sheet (a1 and a2) and two integers of n and m, 
as followed: 
Ch = na1+ ma2 ≡ (n, m),      (0 ≤m≤ n)        (2.1) 
The n and m are also called indexes (chirality) and determine the chiral angle (θ ) 
which is defined as the angle between the vectors Ch and a1. The chiral angle is 
determined by: 
,  O300 ≥≤ θ     (2.2) 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 The unrolled hexagonal lattice of a carbon nanotube; the vector OA and 
OB represent the chiral vector (Ch) and translational vector (T) of carbon 
nanotube, respectively. The unit of one-dimensional lattice is defined by a 
rectangle of OABB’ include n hexagon.  
 
    The value of θ is limited from 0 to 30o due to the hexagonal symmetry of the 
honeycomb lattice. In case of armchair (n = m, θ =30o, Ch = (n, n)), zigzag (m = 0, 
n > 0, θ = 0o, Ch = (n, 0)), and chiral (0 < θ < 30o, Ch = (n, m)). The notation of 












+
= −
nm
m
2
3tan 1θ
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chiral nanotubes is generally considered only 0 < m < n due to the hexagonal 
symmetry of the honey comb lattice. The circumferential length (L) of the SWCNT 
is given by 
nmmnaCL h ++=≡
22        (2.3) 
Where Ch is the length of Ch, a  is the lattice constant ( a =1.44Å 3×  =2.49 Å) 
of the honeycomb lattice; the C-C bond length of graphite is generally 1.42 Å, in 
case of SWCNT, the length (1.44 Å) is slightly larger than graphite due to the 
cylindrical structure. The diameter (dt) of the SWCNT is given by 
ππ
nmmnaLdt
++
==
22
       (2.4) 
 Additionally, in order to determine a unit cell of the one-dimensional lattice, it 
is necessary to define a unit lattice vector (translational vector) T. The vector T is 
parallel to the tube axis corresponding to the intersection of the vector OB and  
perpendicular to the chiral vector that can be expressed by the basic vectors (a1 
and a2) and integers (t1 and t2) 
T = t1a1 + t2a2         
 (2.5) 
From (2.1) and (2.5), t1 and t2 can be expressed by 
RR d
mnt
d
nmt +−=+= 2,2 21        (2.6) 
where dR is the highest common divisor of (2m+n) and (2n+m). In addition, dR can 
be expressed in term of d. Here, d is the highest common divisor of (n, m). 



−
−
=
dofmultipleaismnifd
dofmultipleanotismnifd
d R 33
3
 
The unit lattice length (T) along the tube axis direction and the number of the 
hexagons in a unit cell (N) are expressed by 
      or     (2.7) 
RccRh dmnmnadCT /3/3
22 ++== −
Rd
LTT 3==
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           (2.8) 
 
  
2.2.2. Electronic Structure  
    The electronic structure of SWCNT can be either metallic or semiconducting, 
depending on its diameter and chirality. A tight binding calculation for the π-
electron is important for understanding the electronic structure of the π energy 
levels or bands for graphite related materials. The dispersion relation of the two-
dimensional graphite calculated by tight binding model can be applied to further 
describe the electronic structure of carbon nanotubes. The energy dispersion 
relations of two-dimensional (2D) graphite can be expressed: 
 ( ) ( )( )ks
kt
kE pDg
ω
ω
±
±∈
=
1
2
2 ; 
 where              (2.9) 
here k, ∈2p, s, and t are the wave vector, the orbital energy of 2pz, the overlap 
integral between nearest atoms and transfer integral, respectively. The (+) and (–) 
signs correspond to bonding π and antibonding π* energy bands, respectively.  
 The energy dispersion relations of 2D graphite are shown throughout the 
Brillouin zone (Figure 2.3). Some parameters i.e. ∈2p = 0, t = -3.033 eV, and s = 
0.129 are used for reproducible calculation of the graphite energy band. The π*-
energy anti-bonding and the π-energy bonding bands are indicated by the upper 
and lower half of energy dispersion curves. Those bands are degenerated at the K 
points through which the Fermi level surpasses. The K point is the corners of the 
2D hexagonal Brillouin zone where the valence and conductance bands touch each 
other leads to optical transition. Since the density of states at the Fermi level is 
zero, the 2D graphite is zero-gap semiconductor.   
 
Rd
nmnmN )(2
22 ++
=
( )
2
cos4
2
cos
2
3cos41 2
akakakk yyx ++=ω
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Figure 2.3 (a) The calculated constant energy contours for the conduction and 
valence bands of 2D graphite in the Brillouin zone using the π band nearest 
neighbor tight binding model, (b) The unit cell containing sites A and B where the 
carbon atoms are located, (c) The Brillouin zone (shaded hexagon) of 2D graphite  
 
     In case of SWCNT, the quantum confinement of the 1D electronic state should 
be taken into account. The electronic structure of SWCNT can be obtained from 
the dispersion relation of graphene layer (in case of s = 0) through a simple 
approximation: 
( )
2/1
2
2 2
cos4
2
cos
2
3
cos41,














+













+±=
akakaktkkE yyxyxDg   (2.10) 
Where t is the nearest neighbor-hopping parameter and a is lattice constant. When 
the graphene layer is rolled over to form a nanotube, a periodic boundary condition 
is imposed along the tube circumference or Ch direction. This condition quantizes 
the 2D wave vector k = (kx, ky) along the direction. The k pursuing k.Ch = 2πq 
where q is an integer. If (n – m) = 3q, the SWCNT is metallic, whereas for (n – m) 
≠ 3q it is semiconducting with a band gap in the density of state (DOS) whose size 
is inversely proportional to the diameter. As a consequence of the size-dependent 
quantization of electronic wave functions around the circumference of the 
SWCNT, the DOS shows typical singularities, the so-called van Hove singular 
singularities (vHSs), as shown in Figure 2.4.  
 
(a) (b) (c) 
16 | P a g e  
 
 
 
 
 
 
 
 
 
Figure 2.4 (a) Electronic energy band diagram for the (4,2) nanotubes obtained by 
zone-folding from the contours plots, (b) Density of electronic states for the band 
diagram shown in (a)  
 
      Although the 1D electronic band structure of small diameter tube seems to be 
complex, it becomes simpler when considering the 1D density of electronic states. 
It is of major significance that optical absorption is related primarily to the 
electronic states of vHSs, thereby greatly simplifying the optical and Raman 
measurements. The vHSs closer the Fermi level originate from cutting lines closer 
to K point in the 2D Brillouin zone. The cutting direction depends on the chiral 
angle (θ), leading to a chirality dependence for the electronic transition energies 
between the valence and conduction bands (Eii) as shown in Figure 2.5, so called 
Kataura plot [9]. This has been widely used to understand the optical spectra of 
carbon nanotubes. In particular, for metallic nanotubes, the density of state per unit 
length along the nanotube axis is a constant. Another result, concerning to the 
semiconducting nanotubes shows that the energy band gaps transition depends 
upon the reciprocal nanotube diameter dt, 
t
CC
g d
at
E −=                                          (2.11)                                                                                           
Where a is the lattice constant of the graphene layer (0.142 nm) and tis the 
nearest-neighbor C-C tight binding overlap energy usually denoted by γ0 (2.9 eV) 
so called as transfer integral.  
(a) (b) 
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Figure 2.5 The electronic transition energies Eii versus nanotubes diameter dt for 
SWCNT calculated by the first-neighbor tight binding method. 
 
2.2.3. Preparation Methods of SWCNT 
     The prospective applications of SWCNT rely on the development of a cost-
effective large scale production. There are three main roots for SWCNT synthesis 
i.e. arc-discharge (arcD), laser ablation (LA), and chemical vapor deposition 
(CVD). Those methods will be briefly described in this section. 
 
Arc Discharge Method 
      The schematic of arc discharge reactor is shown in the Figure 2.6. In the case 
of alternating current (AC) arc discharge, carbon rods of a bilateral electrode can 
be evaporated. Therefore carbon deposite (C-DEP) are not formed on the electrode 
and all of the evaporated carbon becomes soot. The quantity and quality of yield 
actually depends on type of metal catalyst, gas, and synthesis condition. The 
catalyst can be introduced by either drilling a hole into the anode or filling it up 
with a catalyst-carbon mixture or by inter mixing a large portion of C and catalyst 
then pressing to a rod. In this method the additional sulfur usually functions as a 
promoter agent of SWCNT and surfactant when mixed together with metal 
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catalysts such Ni/Fe/ Co, Ni/Co, Ni/Y/Fe or Ni/Ce/Fe into the anode in the inert 
gas (i.e. helium, argon). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Schematic of arc discharge reactor 
 
On the other hand, in the direct current (DC) arc discharge method, the anode of 
the carbon rod with the metal catalysts is evaporated and the evaporated carbon 
adheres to the top surface of the cathode as carbon deposit (C-DEP). Carbon 
nanotubes exist in this C-DEP. The SWCNT produced by this method still need 
further purification because of remained catalysts [10-12]. The arc-discharge 
SWCNT produced by Hanwha Co. Ltd. will be used in this study.  
 
Laser Ablation Method 
     This method was firstly introduced by Smalley group that effectively produced 
carbon nanotubes in higher yield and of better quality. In this method, a mixture of 
carbon and transition metals are vaporized by a laser impinging on a metal-
graphite composite target. As detail, a scanning laser beam was focused to 6-7 mm 
diameter spot onto a metal-graphite composite target. The laser beam scans across 
the target surface which is supported by graphite poles filled with 500 torr argon 
flowing. The flow tube was raised in a high-temperature furnace of 1200oC. The 
soot produced by the laser vaporization was swept by the flowing Ar gas from the 
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high-temperature zone, and deposited onto a water-cooled copper collector 
downstream. Controlling the pressure of flowing gas and temperature is important 
[14-16]. The schematic of laser ablation method is shown in Figure 2.7. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Schematic of laser ablation method 
 
Chemical Vapor Deposition (CVD) Method 
     The CVD method is great of interest since it can be used for the production of 
high quality of carbon nanotubes. It offers the opportunity for large-scale 
production of nanotubes and control of the deposition process using the suitable 
catalyst [17]. CVD is known as irreversible deposition of a solid from a gas 
through a heterogeneous chemical reaction where the reaction takes place at the 
interface of gas-solid substrate, and depending on the position conditions. CVD is 
a continuous process and currently is the best-known technology for high yield, 
and low impurity production of carbon nanotubes at moderate temperatures [18]. 
In addition, CVD has the capability to control the size, shape and alignment of 
carbon nanotubes.  
During CVD, a substrate is prepared with a layer of metal catalyst particles, 
most commonly nickel, cobalt, iron, or a combination. The diameters of the 
nanotubes that are to be grown are related to the size of the metal particles. This 
can be controlled by patterned deposition of the metal, annealing, or by plasma 
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etching of a metal layer. The substrate is heated to approximately 700°C. To 
initiate the growth of nanotubes, two gases are bled into the reactor: a process gas 
(such as ammonia, nitrogen or hydrogen) and a carbon-containing gas (such as 
acetylene, ethylene, ethanol or methane) as shown in Figure 2.8. Nanotubes grow 
at the sites of the metal catalyst; the carbon-containing gas is broken apart at the 
surface of the catalyst particle, and the carbon is transported to the edges of the 
particle, where it forms the nanotubes [19].  
 
 
 
 
 
 
 
 
Figure 2.8 Schematic of a CVD reactor for carbon nanotubes growth 
 
Water-assisted-Chemical Vapor Deposition (CVD) method 
     This method, most recently reported by Hata et al. demonstrates the simple and 
general synthetic method where the activity and lifetime of the catalysts are 
dramatically enhanced by the addition of a controlled amount of water vapor in the 
growth ambient. Particularly, the water-assisted growth was carried out on various 
catalysts that provide SWCNT (i.e. Fe nanoparticles, sputtered metal this films (i.e. 
Fe, Al/Fe, Al2O3/Fe, Al2O3/Co) on Si wafers, quartz, an metal foils using inert gas 
(Ar or He) with H2 as the carrier gas. The product denoted as super growth 
SWCNT has vertically standing SWCNT with highest purity (99.98%). The super 
growth SWCNT will be used in this study [20].  
 
 
 
 
21 | P a g e  
 
2.3. Single Wall Carbon Nanohorns 
     The carbon nanocone is an intermediete between a sheet and fullerene wherein 
a single pentagonal ring or assembly of nearby pentagonal rings defines a conical 
apex, which is then extended by pure-hexagon graphene network into a larger 
conical structure. The single wall carbon nanohorn (SWCNH) is one of major 
types of nanocones, typically formed as the aggregates. The SWCNH assemble to 
form roughly spherical aggregates of three types: dahlias, buds, and seeds. In this 
study, we focus on the dahlia-type SWCNH-aggregates, since it can be produced in 
large quantities with high purity, and so have many potential applications in 
methane storage, hydrogen-deuterium separation, fuel-cell electrodes, hydrogen 
generation from methane with steam, capacitors, and drug delivery [25].  
 Single wall carbon nanohorns (SWCNH) like fullerenes and SWCNT consists 
of a seamlessly closed one-atom-thick wall of carbon that separates the exterior 
from the hollow of interior. The body of nanohorn is more or less tubular, with a 
diameter varies irregularly along its length. The diameters of individual SWCNH 
are 1–2 nm at the horn tips and 4–5 nm in the tubule-body part. The wall to wall 
distances between adjacent SWCNH are about 0.4 nm.  One end of the nanohorn is 
cone-shaped, the “horn”; the opposite end is flat or rounded. Unlike nanotubes, 
which assemble into cylindrical bundles with their long axes parallel to each other, 
nanohorns form spherical aggregate. In this aggregates, the long axis of nanohorns 
are aligned roughly along radial direction, with the horns lying on the outer surface 
of the aggregate. The diameter of these spherules is typically 80–100 nm 
(individual nanohorns are 30-50 nm in length). The magnified image of the dahlia-
type aggregate surface reveals that the horn shaped tips of individual SWCNH 
have cone angles of about 20o, corresponding to five pentagonal rings at the tip 
The SWCNH aggregate is robust and cannot be separated into individual SWCNH. 
The structure of SWCNH is more defective and distorted compare to that of 
SWCNT leads to different characteristic features [21-23].  
      The SWCNH is produced by ablating graphite with a CO2 laser without 
involving any metal catalysts. The synthesis was conducted at room temperature in 
Ar gas pressure of 760 Torr with a laser intensity is of about 2 kW/cm2. The 
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dahlia-type SWCNH is mainly produced with high purity of 95% and amorphous 
carbon as impurities. The inert gas pressure is the key factor controlling the 
structure of SWNH. The TEM images of the individual and aggregates SWCNH is 
shown in Figure 2.9.  
 
 
 
 
 
 
 
 
 
 
Figure 2.9 TEM images of the dahlia type aggregates (a) and the individual (b) 
SWCNH. [29] 
 
     The opening holes of SWCNH have provided the additional promising 
applications where it is possible to attach or incorporate various molecules or 
cluster inside opened-SWCNH from various solutions even at room temperature as 
well as its release. Since the hole size is controllable, opened-SWCNH exhibit a 
molecular sieve effect; only molecules smaller than the hole diameter can enter the 
interior of the SWCNH through chemical doping or functionalization [24].  
    The most significant feature of the electronic structure of SWCNH is an 
enhanced local density of electronic states (DOS) in the local surrounding of the 
pentagonal rings at the conical end cap as seen in the first principle of tight binding 
approach. The DOS depends sensitively on the number and placement of 
pentagons, suggesting the enhancement of DOS contributed by various defects of 
sp2 carbons as well as topological behavior. This leads to distinctive electronic and 
optical properties of SWCNH exactly different from those of SWCNT, being 
attractive for electronic devices. Interestingly, the electrical response of carbon 
b 
a 
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nanotubes is transformed by thermal or chemical treatment [25]. For example, 
exposing a typical electron donor or acceptor significantly changes the electrical 
conductivity of carbon nanotubes and the oxidation treatment of SWCNH indicates 
the transformation from n-type to p-type [26]. 
  
 
 
References 
[1] H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl and R.E. Smalley, Nature 318 
(1985) 162 
[2] S. Iijima, Nature 354 (1991) 563  
[3] S. Iijima and T. Ichihashi, Nature 363 (1999) 603 
[4] D.S. Bethunem, C.H. Kiang, M.S. de Vries, G. Gorman, R. Savoy, and R. 
Beyer, Nature 363 (1993) 605 
[5] R. Saito, G. Dresselhaus, M. Dresselhaus, Physical Properties of Carbon 
Nanotubes, Imperial College Press (1998) 
[6] R. Saito, G. Fujita, G. Dresselhaus, M.S. Dresselhaus, Appl. Phys. Lett. 60 
(1992) 2204 
[7] N. Hamada, S. Sawada, A. Oshiyama, Phys. Rev. Lett. 68 (1992) 1597 
[8] Z. Liu, K. Suenaga, H. Yoshida, T. Sugai, H. Shinohara, S.Iijima, Phys. Rev. 
Lett. 95 (2005) 187406 
[9] H. Kataura, Y. Maniwa, I. Umezu, S. Suzuki, Y. Ohtsuka, Y. Achiba, Synth. 
Met. 103 (1999) 2555 
[10] G. Rinzler, J. Liu, H. Dai, P. Nikolaev, C. B. Huffman, F. J. Rodrıguez-Macıas, 
P. J. Boul, A. H. Lu, D. Heymann, D. T. Colbert, R. S. Lee, J. E. Fischer, A. M. 
Rao, P. C. Eklund, and R. E. Smalley,  Appl. Phys. A 67 (1998) 29 
[11] E. Munoz, W. K. Maser, A. M. Benito, M. T. Martınez, G. F. de la Fuente, A. 
Righi, E. Anglaret, and J. L. Sauvajol,  Synth. Met. 121 (2001) 1193 
[12] M. E. Itkis, D. E. Perea, S. Niyogi, J. Love, J. Tang, A. Yu, C. Kang, R. Jung, 
and R. C. Haddon, J. Phys. Chem. B 108 (2004) 12770  
24 | P a g e  
 
[13] Y. S. Park, K. S. Kim, H. J. Jeong, W. S. Kim, J. M. Moon, K. H. An, D. J. Bae, 
Y. S. Lee, G.-S. Park, and Y. H. Lee, Synth. Met. 126 (2002) 245 
[14]  W. K. Maser, E. Munoz, A. M. Benito, M. T. Martınez, G. F. de la Fuente, Y. 
Maniette, E. Anglaret, and J.-L. Sauvajol, Chem. Phys. Lett. 292(1998) 587 
[15] E. Munoz, W. K. Maser, A. M. Benito, M. T. Martınez, G. F. de la Fuente, Y. 
Maniette, A. Righi, E. Anglaret, J. L. Sauvajol,  Carbon 38 (2000) 1445 
[16] E. Munoz, W. K. Maser, A. M. Benito, M. T. Martınez, G. F. de la Fuente,  A. 
Righi, E. Anglaret, J. L. Sauvajol, Synth. Met. 121 (2001) 1193 
[17] L.Delzeit, C. V. Nguyen, R. M. Stevens, J. Han, and M. Meyyappan,  
Nanotechnology 13 (2002) 280  
[18] M. Chhowalla, K. B. K. Teo, C. Ducati, N. L. Rupesinghe, G. A. J. 
Amaratunga, A. C. Ferrari, D. Roy, J. Robertson, and W. I. Milne, J. Appl. 
Phys. 90 (2001) 5308  
[19] W. K. Maser, E. Munoz, A. M. Benito, M. T. Martınez, G. F. de la Fuente, Y. 
Maniette, E. Anglaret, and J.-L. Sauvajol, Chem. Phys. Lett. 292 (1998) 587  
[20] K. Hata, D.N. Futaba, K. Mizuno, T. Namai, M. Yumura, S. Iijima, Science 306 
(2004) 1362 
[21] S. Iijima, M. Yudasaka, R. Yamada, S. Bandow, K. Suenaga, F. Kokai, Chem. 
Phys. Lett. 309 (1999) 165 
[22] K. Murata, K. Kaneko, W.A. Steele, F. Kokai, K. Takahashi, D. Kasuya, M. 
Yudasaka, S. Iijima, Nano Lett. 1 (2001) 197 
[23] K. Murata, K. Hirahara, M. Yudasaka, S. Iijima, D. Kasuya, K. Kaneko, J. 
Phys. Chem. 106 (2002)12668 
[24] E. Bekyarova, K. Kaneko, M. Yudasaka, D. Kasuya, S. Iijima, A. Huidobro, 
F.Rodriguez-Reinoso, J. Phys. Chem. B. 107 (2003) 4479 
[25] M. Yudasaka, S. Iijima, and V.H. Crespi, Carbon Nanotubes: Single Wall 
Carbon Nanohorns and Nanocone, Springer-Verlag Berlin Heidelberg, Top. 
Appl. Phys. 111 (2008) 605 
[26] K. Urita, S. Seki, S. Utsumi, D. Noguchi, H. Kanoh, H. Tanaka, Y. Hattori, Y. 
Ochiai, N. Aoki, M. Yudasaka, S. Iijima, K. Kaneko, Nano Lett. 6 (2006) 1325 
 
25 | P a g e  
 
 
 
Chapter 3 
Adsorption  
     Adsorption phenomenon at various interfaces underlies a number of extremely 
important processes of technology, environment, and biology. Adsorption can be 
defined as an equilibrium process in the bulk phase and interfacial layers. The 
adsorption term deals with the process in which molecules accumulate in the 
interfacial layer while desorption denotes the converse process. The adsorbed state 
is defined as the adsorbate, but that in the bulk gas or vapor phase prior to being 
adsorbed is called the adsorptive. The penetration of adsorbate molecules into the 
bulk solid phase is known as absorption. According to IUPAC term, adsorption can 
be classified as physical adsorption (physisorption) in which the intermolecular 
forces (van der Waals) responsible for the imperfection of real gases and the 
condensation of vapor and the chemical adsorption (chemisorption) in which the 
valence forces involved in the formation of chemical compounds [1]. 
3.1. Porosity 
     Most of the solid adsorbents posses a complex porous structure that consists of 
pores having different sizes and shapes. In the context of porous materials, the 
internal surface is the part associated with pores connecting to the outer space 
while the external one is the outer boundary of the individual particles. The pores 
accessibility actually depend on the size of the fluid molecules, the extent of the 
internal surface may depend on the size of molecules comprising the fluid and may 
be different for the various components of a fluid mixture (molecular sieve effect).  
In terms of adsorption science, total porosity is usually classified into three groups. 
According to the IUPAC recommendation, the micropores has pore width not 
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exceeding 2 nm, mesopores has pore width between 2 and 50 nm, and macropores 
represent pores of a width greater than 50 nm. In particular, the ultramicropores 
have small micropores with the pore width less than 0.7 nm and the micropore 
having the pore width between 0.7 and 2 nm is classified as supermicropores [1,2].  
      The micropores structures are the representative nanostructures of 
carbonaceous materials. It have a strong molecule-pore wall interaction potential, 
inducing the micropore filling phenomena; a predominant adsorption begins from 
an extremely low pressure (P/Po = 10-5). Consequently, adsorption in micropores 
is essentially a pore-filling process in which their volume being the main 
controlling factor. In the case of mesopores whose walls are formed by a great 
number of adsorbent atoms or molecules, the boundary of inter phases has a 
distinct physical meaning. The basic parameters characterizing mesopores are: 
specific surface area, pore volume and pore-size or pore-volume distribution. 
Therefore, the mono- and multilayer adsorption takes place successively on the 
surface of mesopores, and the pores filling is related to the capillary condensation. 
In macropores the action of adsorption forces does not occur throughout their void 
volume but at a close distance from their walls thus the capillary condensation does 
not occur [2,3].  
       Regarding to the porosity, in case of bundled SWCNT, there are four distinct 
sites for gas molecules to be adsorbed onto those sites (Figure 3.1), i.e. (i) the 
external surface of the bundle; (ii) the groove formed at the contact between 
adjacent tubes on the outside of the bundle; (iii) the interior pore of individual 
tubes; and (iv) interstitial channel formed between three adjacent tubes within the 
bundle. The gas adsorption on these sites is decided by binding energy of the gas 
molecule as well as the site availability. Some of these sites may not be available 
for certain gases because of the gas molecule dimension and the site diameter. The 
interior pore is only accessible when the SWCNT is uncapped or has defects on the 
tube wall. The adsorption energy of every site is different depend on the 
geometrical size. The interstitial sites provide the highest adsorption energy 
compare to other sites due to the finite size [4,5]. 
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Figure 3.1 The adsorption sites of bundled single wall carbon nanotubes 
 
  On the other hand, the nanohorn aggregates present two groups of pores: inter 
nanohorn pores i.e. interstitial pores between individual nanohorns in the spherical 
aggregate, and intra-nanohorn pores i.e. the hollow interior spaces of the individual 
nanohorns. Access to this second pores requires subjecting the nanohorns to an 
opening treatment. The quasi-radial arrangement of the nanohorns (wherein the 
wall-to-wall distance between tubes increases gradually from the center of the 
aggregate to its surface) suggests that most of the interstitial space between the 
nanohorns should be accessible to the adsorbates. The inner most spaces within 
these interstices should provide the highest binding energy sites within the 
aggregates. The situation is quite different from what occur with SWCNT, where 
the interstitial channels in cylindrical bundles are generally not accessible to 
adsorbates [6].   
 
3.2. Adsorption Isotherm 
     The adsorption isotherm is the fundamental concept in adsorption science 
provides the primary information on the adsorption process to describe adsorption 
phenomena occur at various types of interfaces. The equilibrium relation between 
the quantity of the adsorbed material (n) and the pressure (p), temperature (T) and 
interaction potential between the gases and solid surface (E) can be expressed as: 
Groove 
External surface 
Interstitial sites 
Internal pore 
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( )ETpfn ,,=          (3.1) 
For a given gas adsorbed on a particular solid maintained at constant temperature 
( ) ETpfn ,=          (3.2) 
At the critical temperature of gas, the equation becomes 
( ) EToppfn ,=   , p/po is the relative pressure   (3.3)  
     The adsorption isotherms generally follow one of six forms as shown in Figure 
3.2 which reflects the unique condition of each type of isotherm. Regarding to the 
IUPAC classification [7], Type I is characteristic of adsorbents having extremely 
small pores. Type II and IV are indicative of either nonporous adsorbents or 
adsorbents having relatively large pores, and type III and V arise under condition 
where the adsorptive molecules have greater affinity for one another than they do 
for solid condition that are insignificant in surface and pore analysis. The Type VI 
isotherm indicates a nonporous solid with an almost completely uniform surface. 
The brief description of the six isotherms is as follow:  
Type I isotherms 
     The reversible Type I isotherms were originally known as Langmuir type due 
to monolayer coverage. Type I isotherms are encountered when adsorption is 
limited to, at most, only a few molecular layers. It characterizes microporous 
adsorbent whose pore size does not exceed a few adsorbate molecular diameters. 
The micropores filling being the predominant process at lower relative pressure 
and the long plateau shape of isotherm indicates a major single layer adsorption on 
the surface.  
Type II isotherms 
     Type II isotherms known as BET-type isotherms with the s-shape, are 
associated with the monolayer-multilayer adsorption on an open and stable 
external surface of a powder. The inflection point or knew of the isotherm usually 
occurs near the completion of the first adsorbed monolayer and with increasing 
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relative pressure, second and higher layers are completed until at saturation the 
number of adsorbed layers becomes infinite. 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 The IUPAC classification for adsorption isotherms 
 
Type III – VI isotherms 
     Type III corresponds to the weaker interaction between adsorbates and 
adsorbents compare to that of Type II. This type is characterized principally by 
heats of adsorption which are less than that of liquefaction. Type IV and V 
isotherms show the hysteresis loop instead of nearly retracted the adsorption curve. 
Hysteresis loops are mostly related to mesoporous solids, where the so-called 
capillary condensation occurs. In such case the isotherm possesses a hysteresis 
loop, the shape of which varies from one adsorption system to another. Type VI 
isotherm represents stepwise multilayer by layer adsorption process. First step 
indicates the monolayer coverage. 
 
3.3. Adsorption Theory 
3.3.1. The Langmuir isotherm 
     The Langmuir equation initially derived from kinetic studies was based on the 
assumption that on the adsorbent surface there is a definite and energetically 
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equivalent number of adsorption sites, at each of which one molecule of a perfect 
gas may be adsorbed. The bonding to the adsorption sites can be either chemical or 
physical, but it must be sufficiently strong to prevent displacement of adsorbed 
molecules along the surface.  
     The fundamental assumption of this theory refers to the homogeneity of the 
adsorbent surface is not justified in many cases. Surfaces of most solids are 
energetically heterogeneous because the adsorption sites are distributed over 
energetically different levels. The Langmuir equation is a useful equation that 
corresponds to the ideal localized monolayer. The equation was obtained by 
relating the rate at which they leave the surface.  
          (3.4) 
here Va is the quantity of gas adsorbed at pressure P, Vm the quantity of gas 
adsorbed when the entire surface is covered with a monomolecular layer, and b is 
an empirical constant. The surface coverage (θ) is conventionally adapted to define 
the maximum (saturation) surface coverage of a particular adsorbate on a given 
surface always to be unity (θmax=1), corresponding to the ratio of adsorbate species 
to surface substrate atoms. The surface coverage can be expressed as: 
bP
bP
+
=
1
θ                                                           (3.5)       
That is denoted as the Langmuir equation.  
 
3.3.2. The Brunauer, Emmett, and Teller (BET) theory 
     Generally, this theory is an extended Langmuir model to multilayer adsorption. 
The fundamental assumption is that the forces actively involve in the condensation 
of gases are also responsible for the binding energy in multi molecular adsorption. 
Since the equilibrium is dynamic, the actual location of the surface sites covered 
by more than two layers may vary but the number of molecules in each layer will 
remain constant.  
     In case of solid characterization, the final equation of BET routinely used can 
be expressed by 
bP
bPVV ma +
=
1
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       (3.6) 
Here the n (mol/g) is the adsorbed amount at relative pressure P/Po, nm is the 
monolayer capacity (mol/g), and C is the thermodynamic constant obtained from  



 ∆−=
RT
HEC L1exp         (3.7) 
where E1 is the heat of adsorption at the first layer and ∆LH is the enthalpy of the 
liquefaction of the adsorbate.  
     The BET equation actually plays the important role in the surface area and 
porosity characterization of materials. The extended BET theory so called-BDDT 
equation (derived from Brunaeur, Demmit, Demmit and Teller) is obtained by 
introducing an additional contribution to the energy of adsorption that resulted 
from the forces of capillary condensation. This equation gives a significant 
contribution for types of adsorption isotherms as briefly described above that can 
be applied over a wider range of relative pressures. In addition, it describes the 
entire course of isotherm including monomolecular and polymolecular adsorption 
area, and capillary condensation. However, it cannot be applied for adsorption at 
temperatures higher than the critical temperature because of the difference of 
adsorption and condensation heat as well as stability of adsorption coefficient ratio 
regarding to individual adsorption layers [2]. 
 
3.4. Determination of the Specific Surface Area  
     The gas adsorption is actually a method for measuring the gas uptake on the 
surface of a powder sample as a function of the pressure of the adsorbate gas, and 
is routinely used to determine their specific surface area. The specific surface area 
of solid materials is usually determined by applying the BET equation to nitrogen 
adsorption data between relative pressures (P/Po) of approximately 0.05 and 0.3. 
The specific surface area is determined from the volume of adsorbed gas in a 
monolayer on the sample 
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22400×
××
=
m
aNVS m          (3.8) 
where S is specific surface area (m2/g), N is avogadro constant, a is effective cross-
sectional area of one adsorbate molecule (m2) and m is mass of the powder samples 
(g). The routine application of the BET analysis overestimates the surface area 
because of the enhanced adsorption due to micropore filling of microporous solid.  
    Generally, there are three methods to determine the specific surface area, i.e. 
dynamic flow, volumetric and gravimetric methods [8,9]. In the dynamic flow 
method, a mixture of the adsorbate and a carrier gases is passed over the sample, 
and the volume of adsorbed gas is determined from the change in the concentration 
of the adsorbate gas in the mixture before and after the exposure to the powder 
sample. On the other hand, in the volumetric method, the sample is placed in the 
sample cell with a known volume and the volume of adsorbed gas is determined 
from the change in pressure associated with the adsorption of gas on the surface of 
the sample. Finally, in the gravimetric method the amount of adsorbed gas is 
measured by weighing. The main advantage of the gravimetric method is that the 
volume of the adsorption system is without importance, the adsorbed gas being 
observed directly as a weight gain of the specimen.  
 
3.5. Analytical Method of Adsorption Isotherm  
3.5.1. Subtracting pore effect (SPE) method 
 Sing et al. have proposed the αs-analysis to solve the limitation of BET method 
in evaluation of microporous solids which is basically consists of primary and 
cooperative micropore filling. Since the enhancement of adsorption by micropore 
field is observed below αs= 0.5, detailed analysis of the αs-plot below αs =1.0 is 
essential. Kaneko et al. extended this method and found there are two upward 
swings from linearity of the αs-plot below saturation of micropores (αs < 1). One 
is filling swing in a lower region (αs < 0.3 where αs = 0.3 corresponds to P/Po = 
0.001) originated from the monolayer adsorption enhanced by the micropore field, 
and another is cooperative swing in αs region of 0.7 (P/Po = 0.13) to 1 comes from 
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filling of molecules in the residual space between the monolayer of both 
micropore-walls. [10-14] 
 The representative αs-plots of the high resolution N2 adsorption isotherms of 
porous carbons at 77 K are shown in Figure 3.3. The filling swing (FS) and 
cooperative swing (CS) types are often observed for low-burn off carbon and for 
super high surface carbon, respectively while the FS/CS and CCS type correspond 
to an ordinary microporous and mesopores carbon, respectively. The total pore 
volume and (Wo) and the external surface area (aext) can be obtained from the 
intercept and slope of narrow solid lines, respectively. The specific surface area is 
directly proportional to slope of the narrow line. The slope of the line from the 
each initial plot leads to the total surface area equals to the sum of microporous 
surface area and aext using the following equation [10,14] 
at= 2.14 x (slope of the linear αs plot), m2 g-1    
 (3.9) 
 
As the filling and cooperative swings come from the enhanced adsorption 
compared with the multi-layer adsorption on the flat carbon surface, both of swings 
must be removed in order to determine the correct surface area. Thus, the SPE 
method removes both enhancement effects inherent to micropores, giving a correct 
surface area.  
 
 
 
 
 
 
 
Figure 3.3 The representative types of αs-plot for porous carbons. A bold solid 
line denotes as αs-plot  
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3.5.2. Dubinin and Radushkevich (DR) plot 
 Dubinin and Radushkevich proposed the following equation for adsorption in 
the microporous carbon at low pressure expressed by 
( )22exp EVV o ε−=         (3.10) 
where V0 is the limiting volume of the adsorption space (which may be equated to 
the micropore volume), the adsorption potential, ε = RT In Po/P, and E termed the 
characteristic energy is a constant for a particular adsorbate-adsorbent system. At 
the low pressure the molecules is not adsorbed on the pore walls but through the 
micropore filling where the molecules are adsorbed in the adsorption space within 
micropores. Micropore filling actually is the physical adsorption enhanced by 
overlapping of molecular potentials from the opposite micropore walls; the strong 
molecule-surface interaction gives rise to marked adsorption in the low pressure 
region. As the secondary parameter, the micropore filling ratio (θ) is given by  
          (3.11) 
  
 
Where W and Wo are the total volume of the micropore system and the filled 
volume at relative pressure (P/Po), respectively. Basically, the micropore filling 
ratio is a function of adsorption potential that can be formulated by 
θ = f (ε/β),          (3.12) 
where β is an affinity coefficient and defined as the ratio of adsorption potential of 
adsorbate and standard adsorbate (β =ε/εo). Under the assumption that the pore 
size distribution is Gaussian, Dubinin-Radushkevich then formulated the ratio of 
micropore filling as 
 
          (3.13) 
 
where k is constant determined by pore structure. By combining the equation 
(3.11), (3.12) and (3.13) then  
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                                                             or 
 
here, 2.303k(RT/β)2=D, then 
          (3.14) 
 
Above equation is well-known as Dubinin-Radushkevich (DR) equation. The 
linear curve can be obtained by plotting the log W against [log (P/Po)]2 , so called 
DR-plot. The micropore volume (Wo) then is determined from the intercept (log 
Wo).  
 
3.6. Adsorption from solution 
 There is a fundamental difference between adsorption from the gas phase and 
from a liquid phase. Gas adsorption is a singular event where the transfer of 
molecules from gas to the surface is the only process taking place. On the other 
hand, adsorption from solution is a combination of two sub processes: transfer of a 
dissolved molecule to the surface can only take place if an equivalent volume of 
solvent is transferred the other way around [15.16]. Adsorption from solution is 
therefore an exchange phenomenon (Figure 3.4). 
 Adsorption from solution is a competitive process with equilibrium determined 
by many factors resulting from adsorbent, adsorbate and solvent properties. The 
equilibrium state is actually influenced by the porous structures, energetic 
heterogeneity and surface chemical properties. The equilibrium state is actually 
influenced by the porous structures, energy, heterogeneity and surface chemical 
properties. A variety of analytical techniques may then be used to measure the 
concentration change. 
 The measurement of adsorbed amount for gas adsorption is determined from 
reduction of the vapor pressure. However, for liquid adsorption, the concentration 
change of the substance from of a substance from a liquid mixture is not only 
determined by the depletion of the substance but also the reappearance of solvent. 
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Therefore one does not measure an individual adsorption but a so-called surface 
excess adsorption. The second consequence concerns the driving forces for 
adsorption. For gas adsorption, the attraction between the surface and the 
adsorbing molecule is the sole reason for adsorption. On the other hand, for 
adsorption from solution, it is the preference that substance has over the solvent 
that determines the output of the exchange [17].  
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 3.4 A schematic model of adsorption from the gas (A) and adsorption from 
solution (B) 
   
 The adsorption process, as simplified, is carried out by placing the series of the 
precisely weighted solid sample (in present study carbon nanotubulites) into the 
flasks and soaked by a defined volume of adsorbate solution (Figure 3.5). Samples 
are usually kept in the water bath to maintain the temperature and often the shaker 
bath is applied to obtain the dynamic system. The solution concentration is varied 
for adsorption isotherm measurement. After that, the adsorbed amount of the 
adsorbates on the solid surface is calculated by the mass balance equation with 
concentration difference that can be simplified by: 
A 
B 
Initial Final 
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( )stot
eq
a mV
CC
N
×
−
= 0         (3.15) 
Where Na is the adsorbed amount (mg/g), the C0 and the Ceq are the initial and 
equilibrium concentration of adsorbate (mg/l) respectively, the Vtot is the solution 
volume (l) and ms is the mass of adsorbent (ms) in grams.  
 
 
 
 
 
 
     
 
Figure 3.5 The illustration of adsorption from solution to determine the adsorption 
isotherm  
 
Since nanotubes form very tight bundles due to van der Waals attractive forces and 
the dispersion of the nanotubes to the individual tube was necessary to effectively 
use the total surfaces, the chemical modification of carbon nanotubes with the 
guest molecules through liquid phase adsorption is being promising for 
homogeneous coverage of carbon nanotubes. 
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Chapter 4 
Characterization of Single Wall Carbon 
Nanotubulites 
 Since its discovery, carbon nanotubulites have contributed to the development 
of studies in field of physics, chemistry and material sciences. Carbon 
nanotubulites have attracted much attention because of their unique electronic, 
mechanic and thermal properties due to the distinctive structure and high length to 
diameter ratio. Their remarkable properties are advantageous for application in 
such fields of energy storage, catalyst, and optoelectronic devices. Nowadays, 
many works have been concerned on controlling the properties of carbon 
nanotubulites for widening their application. In particular, the characterization 
methods play an important rule on determining the physical and chemical 
properties change of carbon nanotubulites induced by doping or functionalization 
treatment.  
 The spectroscopy methods offer the possibility of quick and non-destructive 
characterization of carbon nanotubulites. Spectroscopy is the study of the 
interaction between matter and energy as a function of its wavelength or frequency. 
The spectroscopic types are distinguished by variation of radiated energy involved 
in the interaction. There are some possibilities when the radiated energy interacts 
with matter, the energy may be absorbed, scattered, passed through or not 
interacted with the material. In many applications, the spectrum is determined by 
measuring the changes in the intensity or frequency of energy. The principle of 
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spectroscopy methods commonly used for characterization of carbon nanotubes 
will be briefly described in this chapter. 
 
4.1. Raman Spectroscopy 
 Raman spectroscopy is a powerful technique to characterize the structure-
property relationship in carbon nanotubulites. When light is scattered from a 
molecule most photons are elastically scattered. The scattered photons have the 
same energy (frequency) as the incident photons. However, a small fraction of 
light is scattered at optical frequencies usually lower than the frequency of the 
incident photons. The inelastic scattering is known as Raman effects [1]. Raman 
scattering can occur with a change in vibrational, rotational or electronic energy of 
a molecule. 
     In particular, the laser light interacts with molecular vibrations, phonons or 
other excitations in the system, resulting in the energy of the laser photons can be 
either shifted up or down. The energy shift caused by energy transfer (E = hv) 
between the light and material gives information about the phonon modes in the 
system, thus suggests the structure of samples. Technically, the source has to 
provide the intense monochromatic radiation (usually laser). Then, the oscillating 
electric field of the photon causes charged particle (electrons) in the molecule to 
oscillate. This creates an induced dipole moment, which then emits a photon, 
leading to either Raman (vo ± vi) or Rayleigh (vo) scattering as shown in Figure 
4.1. The Rayleigh scattering is elastic and there is no exchange in energy. 
However, Raman scattering leads to emission of another photon with a different 
frequency to the incident photon [2]. 
 The difference in energy between the incident photon and the Raman scattered 
photon is equal to the vibration energy of the scattering molecule. The plot of 
intensity of scattered light versus energy difference is known as a Raman spectrum. 
The energy difference between the initial and final vibration levels, v, or Raman 
shift in wave numbers (cm-1), is expressed by 
scatteredincident
v
λλ
11
−=         (4.1) 
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Figure 4.1 Energy level diagram for Raman scattering 
 
 Raman spectroscopy is conventionally performed with green, red or near-
infrared lasers. The wavelength is below the first electronic transitions of most 
molecules, as assumed by scattering theory. In addition, the resonance Raman 
effects can be useful in the situation when the wavelength of the exciting laser 
within the electronic spectrum of a molecule induces the increase intensity of some 
Raman-active vibrations, so called resonance-enhanced Raman scattering 
phenomenon. 
     In case of carbon nanomaterials, Raman spectroscopy is used to investigate the 
structure of sp2, sp3, and sp-bonding carbon. All allotropic forms of carbon are 
active in Raman spectroscopy. The position, width, and relative intensity of Raman 
shifts are variable according to the type of carbon nanomaterials. The most 
characteristic features are summarized as follow: (i) a low-frequency peak < 300 
cm-1 assigned to a A1g breathing mode of the tubes, whose frequency depends 
essentially on the diameter of the tubes so called as radial breathing mode (RBM); 
(ii) a large structure (1340 cm-1) assigned to residual-organized graphite, the so-
called disorder (D)-line; (iii) a high-frequency bunch (between 1500 and 1600 cm-
1) called as G band corresponds to a splitting of the E2g stretching mode of 
graphite. This group could be superimposed with the G-line of residual graphite; 
(iv) a second order mode observed between 2450 and 2650 cm-1 assigned to the 
first overtune of the D mode and often called as G’ mode [3]. The intensity ratio of 
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D-band and G-band (D/G) indicates the graphitization degree of carbon material. 
The radial breathing mode is directly independent on the nanotubes diameter 
through the following relation. 
             (4.2) 
 
where A (248 nm cm-1) and B (0 cm-1) parameters are determined experimentally 
[4]. The G band is composed of two most intense peaks. The lower and higher 
frequency components (ωG+ and ωG-) associate with the atomic displacement along 
circumferential direction and along the tube axis, respectively. In this study, the 
Raman spectroscopy is used to clarify the structural change of single wall carbon 
nanotubulites particularly the modification of electronic structure. 
 
4.2. Absorption Spectroscopy 
     Absorption spectroscopy refers to spectroscopic techniques that measure 
the absorption of radiation, as a function of frequency or wavelength, due to its 
interaction with a sample. In general, the absorption spectroscopy is related to the 
promotion and excitation a higher energy orbital as shown Figure 4.2. As a rule, 
energetically favored electron promotion will be from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), 
and the resulting species is called an excited state. For a review of molecular 
orbitals when sample molecules are exposed to light having an energy that matches 
a possible electronic transition within the molecule, some of the light energy will 
be absorbed as the electron is promoted to a higher energy orbital [5]. 
 An optical spectrometer records the wavelength at which absorption occurs, 
together with the degree of absorption at each wavelength. In the molecular 
orbitals, when sample molecules are exposed to light having an energy that 
matches a possible electronic transition within the molecule, some of the light 
energy will be absorbed as the electron is promoted to a higher energy orbital. The 
more effective a molecule absorbs light of a given wavelength, the greater the 
extent of light absorption. 
B
d
ARBM +=ω
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Figure 4.2 The transition of electronic energy level 
 
This idea is empirically formulated in the Beer-Lambert Law as the principle of 
absorption spectroscopy where the fraction of incident monochromatic radiation 
absorbed by a homogeneous medium is proportional to the number of absorbing 
molecules. 
   log 10 Io/I =A= ε c l        (4.3) 
Where Io is the intensity of incident radiation, I is the intensity of radiation 
transmitted through the sample solution, A is absorbance or optical density, ε is the 
molar absorptivity or molar extinction coefficient, c is the concentration of solute 
(moles/liter) and l is the path length of the samples (cm).  
 The allowed transitions are generally caused by ππ* transition while the 
forbidden transitions are generally caused by n π* transition, so called the 
selection rule. The presence of chromopores (such as C=C, C≡C, C=O, C≡N, N≡N, 
NO2) and auxochromes (such as NH2, OH, and SH) substituents can increase the 
intensity of absorption and possibly the wavelength by extending the conjugation 
through resonance [6]. The attachment of substituent may lead to the variety or 
effect on absorption, i.e. bathochromic and hypsochromic shifts and hyperchromic 
and hypochromic effects as illustrated in the Figure 4.3. 
 The optical properties are dominated by the electron transition between pairs of 
van Hove singularities that are symmetrically located in the Fermi level. Such 
intergap transitions denoted as S11, S22, for semiconducting nanotubes or M11 for 
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metallic nanutubes are obviously important for absorption spectroscopic 
investigation. The electronic and optical properties of carbon nanotubes can be 
probes by the optical absorption spectroscopy. In particular, the visible-near 
infrared absorption spectra of single wall carbon nanotubes show three regions; 
first interband transitions for metals M11 (400-650 nm), and first and second 
interband transitions for semiconductor, S11 (900–1600 nm) and S22 (550-900 nm) 
[7].  
 
 
 
 
 
 
 
 
 
Figure 4.3 The shifts in absorption position and intensity 
 
4.3. X-ray Photoelectron Spectroscopy (XPS) 
      X-ray photoelectron spectroscopy (XPS) more commonly known as electron 
spectroscopy for chemical analysis (ESCA) is a quantitative spectroscopic 
technique that measures the elemental composition, empirical formula, chemical 
and electronic states of the elements that exist within a material. This technique is 
accomplished by irradiating the sample with monoenergetic soft X-ray and energy 
analyzing the electron emitted. MgKα X-rays (1253.6 eV) or AlKα X-ray (1486.6 
eV) are ordinarily used. These photons have limited penetrating power in solid and 
then they interact with the atom in the surface region by the photoelectronic effect, 
causing the electrons to be emitted [8,9].  
 The binding energy of the electron is measured by the different between the 
total energies of the initial-state atom and the final-state atom, expressed by 
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E binding= Ephoton – (Ekinetic +ϕ)      (4.4) 
where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-
ray photons being used, Ekinetic is the kinetic energy of the electron as measured by 
the instrument and φ is the work function of the spectrometer. 
The binding energy may be regarded as the ionization energy of atom for the 
involved particular shell, being characteristic of the core electrons for each 
element. The electron binding energy is calculated with the respect of Fermi level 
(the highest energy level occupied by an electron in neutral solid at absolute 
temperature) as illustrated in the Figure 4.4.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Diagram of energy levels 
 
In this study, the XPS technique is selected to probe the surface modification of 
single wall carbon nanotubulites after adsorption treatment. In particular, the C1s 
peak will be predominantly investigated to understand the adjustment of sp2, sp3 as 
well as the oxygen related functional groups of single wall carbon nanotubulites. In 
addition, due to adsorption treatment of iodine on SWCNH and methylene blue on 
SWCNT, the I3d and N1s peaks will be evaluated.  
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4.4. FTIR Spectroscopy  
 Infrared spectroscopy deals with the infrared region of the electromagnetic 
spectrum that is light with a longer wavelength and lower frequency than that 
of visible light. The infrared spectrum is usually divided into three regions; the 
near-, mid- and far- infrared, named for their relation to the visible spectrum. The 
higher energy near-IR, approximately 14000–4000 cm−1 wavelength can 
excite overtone or harmonic vibrations. The mid-infrared, approximately 4000–
400 cm−1 may be used to study the fundamental vibrations and 
associated rotational or vibrational structure. The far-infrared, approximately 400–
10 cm−1, lying adjacent to the microwave region, has low energy and may be used 
for rotational spectroscopy.  Infrared spectroscopy exploits the fact that molecules 
absorb specific frequencies characteristic for their structure. These absorptions are 
resonant frequencies, i.e. the frequency of the absorbed radiation matches the 
frequency of the bond or group that vibrates. Due to the vibration modes, organic 
molecules commonly can vibrate in six different ways; symmetric and anti-
symmetric stretching, scissoring, rocking, wagging and twisting [10]. The main 
molecular vibration types located in the frequency range from 1000 to 4000 cm-1 is 
illustrated in the schematic diagram as shown in Figure 4.5. 
 
 
 
Figure 4.5 The schematic diagram of molecular vibration 
 FTIR spectroscopy has been used extensively in the structural determination of 
molecules. Its application in the study of surface chemistry has provided one of the 
most direct means of observing the interactions and perturbations that occur at the 
surface during adsorption and in determining the structure of the adsorbed species. 
In carbon nanotubes characterization, infrared spectroscopy is often used to 
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determine impurities remaining from synthesis or molecules capped on the 
nanotubes surface. Infrared spectroscopy can probe the modification of the carbon 
notubes structures and reveals the nanotubes of compounds added to the carbon 
nanotubes. There is the infrared active modes in SWCNT which depend on the 
symmetry; chiral, zigzag, and armchair [11]. In this study, the FTIR technique is 
selected to determine the functionalization of SWCNT with methylene blue 
molecules that will be further described in the chapter 6.  
 
4.5. X-ray Diffraction 
 This characterization method is commonly used to obtain some information on 
the interlayer spacing, the structural strain and the impurities of material. Carbon 
nanotubulites have the multiple orientations compared to the X-ray incident beam, 
due to the diameter and chiralities distribution. The X-ray diffraction has also been 
used for studying the effect of various parameters such as the mean tube diameter, 
the finite size of the bundles, and the diameters dispersity of the tubes [12]. Due to 
their intrinsic nature, the main features of X-ray diffraction pattern of carbon 
nanotubes are close to those of graphite: (i) a graphite-like peak (0 0 2l) is present 
and measurement of interlaying spacing can be obtained from its position using the 
Bragg law, (ii) a family of (h k 0) peaks due to the honeycomb lattice of single 
graphite sheet. Consequently, the X-ray diffraction profile is not useful to 
differentiate microstructure details between the carbon nonotubes and the graphite 
structure but can help to determine the sample purities (catalyst and functional 
group).  
 The decrease of the interlayer spacing with the increase of diameter distribution 
also modify the shape of the (0 0 2l) peaks. The intensity and width of the (0 0 2l) 
peaks are related to the number of layers, the variations of interlayer spacing, the 
lattice distortions, and the carbon nanotube orientation compared to the X-ray 
incident beam. The (h k 0) peaks present an asymmetric shape due the curvature of 
the nanotubes and the (h k l) reflections only appear in X-ray diffraction pattern 
with a regular stacking of layers (as with flat graphitic layers in polygonized tubes 
and with residual carbon particles) [13]. In this study, the X-ray diffraction 
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technique is used to investigate the effect of encapsulation of guest molecules such 
as iodine and methylene blue in the SWCNH and SWCNT, respectively.  
 
4.6. Electron Microscopy  
 Electron microscopes use a beam of highly energetic electrons to examine 
objects on a very fine scale. This examination can yield information about the 
surface features, shape and size, composition, and crystallographic information of 
certain object.  This technique uses electrostatic and electromagnetic lens to control 
the electron beam and focus it to form an image. An electron microscope uses 
a particle beam of electrons to illuminate the specimen and produce a magnified 
image [14].  
 In the transmission electron microscopy (TEM), the electron beam is 
transmitted through an ultra thin specimen, interacting with the specimen as it 
passes through. An image is formed from the interaction of the electrons 
transmitted through the specimen; the image is magnified and focused onto an 
imaging device, such as a fluorescent screen, on a layer of photographic film, or to 
be detected by a sensor such as a CCD camera. TEM are capable on imaging at a 
significantly higher resolution than light microscopes, owing to the small de 
Broglie wavelength of electrons. At smaller magnifications TEM image contrast is 
due to absorption of electrons in the material, the thickness and composition of the 
material.  
 Unlike the TEM, the scanning electron microscopy (SEM) produces images by 
probing the specimen with a focused electron beam that is scanned across a 
rectangular area of the specimen. The display of the SEM maps the varying 
intensity of any signals into the image in a position corresponding to the position 
of the beam on the specimen when the signal was generated. Generally, the image 
resolution of an SEM is smaller than that of TEM. However, since the SEM image 
relies on surface processes rather than transmission, it is able to image bulk 
samples up to many centimeters in size and (depending on instrument design and 
settings) has a great depth of field, and so can produce images that are good 
representations of the three-dimensional shape of the sample.  
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4.7. Electrical Conductivity 
 Electrical conductivity is the reciprocal quantity of electrical resistance 
corresponds to measurement of material's ability to conduct an electric current. In 
case of thin sample, the four probes method introduced by Van der Pauw is a 
convenient tool for the measurement of the resistivity. Principally, one uses an 
arbitrarily shape, thin-plate sample containing four very small ohmic contacts 
placed on the periphery, preferably in the corners of the plate [15-17]. To obtain 
the two characteristic resistances, one applies a dc current I into contact 1 and out 
of contact 2 and measures the voltage V43 from contact 4 to contact 3 as shown in 
Figure 4.6.  Next, one applies the current I into contact 2 and out of contact 3 
while measuring the voltage V14 from contact 1 to contact 4. RA and RB are 
calculated by means of the following expression: 
RA = V43/I12 and RB = V14/I23        (4.5) 
 
 
 
 
 
 
Figure 4.6 A schematic of Van der Pauw configuration used in the determination 
of the two characteristic resistances RA and RB  
 
Two characteristic resistances RA and RB, associated with the corresponding 
terminals are related to the specific resistance (ρ) of the material expressed by the 
equation: 
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Where f is a function of the ratio of (RA/RB) and satisfied the relation 
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Accordingly, the sheet resistance can be denoted as  
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The electrical conductivity measurement, in this study, is conducted to determine 
the electronic property change of carbon nanotubulites induced by either iodine 
doping or methylene blue dye adsorption. In particular, the encapsulated carbon 
nanotubulites samples were coated in the polymer substrate for measurement the 
sheet resistance in order to determine the electrical conductivity data that can be 
used to describe the charge transfer interaction between carbon nanotubulites and 
dopants.  
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Chapter 5 
Electronically Modified Single Wall Carbon 
Nanohorns with Iodine Adsorption 
5.1. Introduction 
 Single wall carbon nanotubes (SWCNT) have recently received a widespread 
attention due to their distinctive nanoporosity and outstanding electronic properties 
[1,2]. The novel electronic properties of carbon nanotubes are derived from the quasi-
one dimensionality of the tubule structure and the cyclic boundary condition around 
tubular axis. Current works have been focused on controlling electronic properties of 
SWCNT in order to develop new application to future electronic devices [3-5]. The 
amphoterical properties of carbon nanotubes reveals great potential for miniaturizing 
electronic nanodevices and thereby tuning electronic property of carbon nanotubes is 
indispensable. 
 The single-wall carbon nanohorns (SWCNH) recently became a well-known 
nanostructured carbon material because of quite intriguing potential for novel 
applications such as nanoelectronic devices since it has highly defective structures 
and metal impurity-free, exhibiting n-type semiconductivity being different from 
SWCNT. Oxidation treatment of SWCNH donates nanoscale windows on the wall of 
SWCNH particles results in the internal pore spaces [6,7]. Opening the tubular cap of 
SWCNH not only offers the possibility for nanoconfinement of molecular species in 
tubular cavity but also tunes their electrical responses [8.9]. Urita et al. reported that 
opening hole of SWCNH changes the electrical conductivity response of SWCNH on 
gas adsorption from n-type to p-type semiconductivity [10]. Accordingly, an intensive 
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study on electronic properties of SWCNH from the view point of surface chemistry is 
crucial to extend their potential application.  
 Doping or exposure of carbon nanotubes with a typical electron donors or 
acceptors remarkably modified their electrical response. The change of electrical 
response and electronic nature of doped-carbon nanotubes should assign to the charge 
transfer between dopant and nanotubes. Chemical doping is expected to substantially 
increase the density of charge carrier and thereby enhance the electrical conductivity. 
Recent studies showed that chemical modification leads to a dramatic enhancement in 
electrical conductivity of carbon nanotubes owing to the electronic structure change 
[11].  
 The charge transfer between the nanotubes and the dopant molecules can be used 
as a design parameter to study the charge transport phenomena in carbon nanotubes 
[12]. For example, it was reported that encapsulation of electron acceptor dopants 
such as iodine compounds (KI, polyiodine, and I2) into carbon nanotubes intensively 
affected the conjugated π-electron system of carbon nanotubes [13-15]. Furthermore, 
Eklund et al. found that intercalation of iodine molecules in the bundled SWCNT by 
immersing SWCNT in molten iodine showed a remarkable electrical conductivity 
enhancement [16]. Gotovac et al. reported that adsorption from solution was simple 
and efficient method to modify the property of SWCNT [17,18]. Iodine adsorption on 
SWCNT in the solution is a promising method [19]. Study of iodine adsorption on 
SWCNH having defective nature should provide a valuable guideline for the 
electronic structure control of single wall nanocarbon families. This chapter describes 
the modification of electronic property of SWCNH with iodine molecules through 
liquid phase adsorption.   
 
5.2. Experiment 
The dahlia-flower type of SWCNH was used in this study. The tube structure was 
opened before adsorption experiment by oxidation at 823 K in Ar and O2 mixed 
gases. The detailed procedure for opening tube of SWCNH is found in the previous 
report [8]. SWCNH of 0.5 mg was dispersed ultrasonically in iodine-ethanol solution 
over the iodine concentration range of 0.10 to 60 mg L-1 at 298 K for adsorption 
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measurement. The adsorption isotherm of iodine on SWCNH was determined by 
measurement of the iodine concentration change using the maximum absorbance at 
440 nm with the aid of UV-NIR spectroscopy (JASCO; V-670). The dispersed 
SWCNH samples were filtered and washed by ethanol to remove any non-adsorbed 
iodine molecules. The nanoporosity change of SWCNH with iodine adsorption was 
examined by measurement of nitrogen and hydrogen adsorption isotherm at 77 K 
with a volumetric apparatus (Quantachrome 3). The nanopore width distribution was 
evaluated with the DFT method. The structural change of SWCNH with iodine 
adsorption was examined with field-emission scanning electron microscopy (FE-
SEM; JEOL, JSM-6330F) and high resolution transmission electron microscopy (HR-
TEM; JEOL, JEM-2100F). X-ray powder diffraction patterns were measured at room 
temperature using the synchrotron X-ray with a radiation wavelength of 0.09976 nm 
at the Super Photon Ring (Spring-8, Hyogo, Japan); the powder samples were set in a 
Lindemann glass capillary of 0.50 mm in an external diameter.   
The electronic property change of SWCNH with iodine adsorption was measured 
through following spectroscopic methods. Raman spectra were obtained using Raman 
spectrometer (JASCO; NRS-3100) with the excitation laser wavelength of 532 nm 
(power 0.1 mW). X-ray photoelectron spectra were measured with X-ray 
photoelectron spectrometer (JEOL; JPS-9010MX) using monochromatized MgKα 
radiation. The optical absorption spectra were measured using UV-Vis-NIR 
microspectroscope (JASCO, MSV-370). The fabrication of SWCNH and iodine-
adsorbed SWCNH films was carried out by dip-coating method in order to measure 
the electrical conductivity, where the SWCNH and iodine-adsorbed SWCNH 
dispersions were coated on polyethylene terepthalate (PET) substrate.  The sheet 
resistance at room temperature was measured using a four-point probe method 
[20,21]. 
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5.3. Result and Discussion 
5.3.1. Iodine adsorption on SWCNH 
 The iodine adsorption isotherm on SWCNH at 298 K is shown in Figure 5.1. The 
adsorption isotherm of iodine on SWCNH is Langmuirian. Iodine adsorption is 
almost saturated around 15 mg L-1 of iodine equilibrium concentration, indicating the 
presence of a specific interaction between iodine and SWCNH. The saturated 
adsorption amount is 185±10 mg g-1, corresponding to the maximum surface 
coverage of 0.18 using the molecular complex model.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Adsorption isotherm of iodine on SWCNH at 298 K 
 
The surface coverage is calculated with the molecular complex model as introduced 
in the preceding article [19]. Since SWCNH has adsorption sites and considering the 
molecular size of iodine molecules, it can be suggested the iodine molecules is 
predominantly adsorbed in the interstitial pore and nanowindows in the tip of 
nanohorns due to the higher adsorption potential energy [22,23]. 
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5.3.2  Morphology and nanopore structural changes on iodine adsorption 
The scanning electron microscopy (SEM) images of SWCNH and iodine-
adsorbed SWCNH are shown in Figure 5.2. It shows the spherical forms of SWCNH 
assemblies with the uniform size. The SWCNH particles associate each other to give 
rise to a jelly like structure of many voids. After iodine adsorption, the morphological 
structure of SWCNH tends to be more dense, whereas possibly iodine should be 
adsorbed in the interfacial spaces of SWCNH assemblies to strongly bind SWCNH 
assemblies.  
 
 
 
 
 
 
 
Figure 5.2 SEM images of SWCNH (a) and iodine-adsorbed SWCNH (b) 
 
 The transmission electron microscopy (TEM) images of SWCNH and iodine-
adsorbed SWCNH with coverage 0.18 are shown in Figure 5.3. The horns and single 
wall structures in SWCNH particles are clearly shown in Figure 5.3a; there are many 
kinks in the SWCNH particles, indicating the presence of morphological defects 
presumably induced by oxidation treatment. The TEM image of iodine adsorbed 
SWCNH with coverage of 0.18 is close to that of SWCNH. As SWCNH is more 
defective than SWCNT, it is difficult to observe directly the adsorbed iodine in the 
internal tube space of SWCNH as reported for SWCNT [24, 25]. 
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Figure 5.3 TEM Images of SWCNH (a) and iodine-adsorbed SWCNH (b) 
 
The X-ray diffraction pattern of SWCNH showed the peaks originating from the 
graphite-like structure (Figure 5.4). The broad peak at 14.2o typically derived from 
the aggregate structure of SWCNH. The diffraction peaks at 2θ = 16.8o, 27.8o, and 
48.5o coming from the residual graphites of SWCNH were assigned to the reflections 
from the graphite lattice planes of (002), (10), and (11), which is corresponding to the 
spacing lattice distance of 0.34, 0.21, and 0.12 nm, respectively [26,27]. The XRD 
pattern of iodine-adsorbed SWCNH does not show any patterns coming from 
adsorbed iodine, indicating that iodine molecules do not form fine crystals on 
SWCNH. In case of oxidized SWCNH, the predominant adsorption sites were 
internal tubes spaces and interstitial spaces among SWCNH tubes [28,9]. Therefore, it 
can be suggested that some iodine molecules are adsorbed in the internal tubes spaces 
and/or interstitial spaces. The decrease of X-ray scattering below 2θ = 10o on iodine 
adsorption should be ascribed to adsorption of iodine molecules in the internal tube 
and/or interstitial spaces.  
 
 
 
 
(b) (a) 
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Figure 5.4 X-ray diffraction patterns of SWCNH and iodine-adsorbed SWCNH 
denoted by the orange and green lines, respectively. 
 
The nanoporosity changes of SWCNH affected by iodine adsorption can be 
determined from the adsorption isotherm of nitrogen at 77 K, as shown in Figure 5.5. 
Here, the abscissa of Figure 5.5b is expressed by the logarithm of P/Po. The 
adsorption isotherms of SWCNH and iodine-adsorbed SWCNH are of IUPAC type II, 
where the adsorption amount of nitrogen at higher relative pressure derives from 
multi layer adsorption on the external surface and in larger mesopores and 
macropores due to the dahlia aggregates [29]. The iodine adsorption decreases the 
nitrogen adsorption amount over the whole pressure ranges, in particular, below 10-3 
of the logarithm relative pressure reveals that nitrogen adsorption in nanopores of 
SWCNH with iodine molecules should be partially blocked. The iodine adsorption 
depresses the total surface area of about 18% and the micropore volume of 0.10 cm3 
g-1, as summarized in the Table 5.1.  
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Figure 5.5 Adsorption isotherms of nitrogen at 77 K on SWCNH and iodine-
adsorbed SWCNH with coverage of 0.18 denoted by orange and green circles, 
respectively; linear plot (a) and logarithm plot (b) 
 
Table 5.1 Specific surface area and nanopores volume 
 
 
 
 
 
SBET = BETsurface area; Sα = αs surface area; Vαs = micropore volume 
 
 Moreover, the blocking of micropore with iodine molecules is verified by the 
depression of pore width distribution evaluated by the DFT method. The pore width 
distribution clearly shows that SWCNH has a sharp distribution of micropores pore 
width of < 2 nm and a portion of mesopores with pore width of 2 to 4 nm [28] as 
shown in Figure.5.6. The iodine adsorption (coverage 0.18) induces a notable 
decrease in micropore volume; broadening the pore width distribution. Accordingly, 
iodine molecules should partially block the interstitial and/or internal tubes spaces of 
the SWCNH assemblies, as indicated by the X-ray scattering. The blocking 
mechanism can be also supported by the large decrease in micropore volume of 0.10 
mL g-1 on iodine adsorption compared with the possible exclusion volume of 0.02 mL 
g-1 by iodine molecules.  
Sample SBET  
[m2 g-1] 
Sαs 
[m2 g-1] 
Vαs 
[cm3 g-1] 
SWCNH 1320 1420 0.49 
Iodine adsorbed SWCNH 1070 1160 0.39 
1400
1200
1000
800
600
400
200
0
A
ds
or
be
d 
am
ou
nt
 m
g.
g-
1
10-4 10-3 10-2 10-1 100
P/Po
1400
1200
1000
800
600
400
200
0
A
ds
or
be
d 
am
ou
nt
/ m
g.
g-
1
1.00.80.60.40.20.0
P/Po
(a) (b) 
60 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Pore width distributions of SWCNH and iodine-adsorbed SWCNH with 
coverage of 0.18, denoted by orange and green circles, respectively. 
 
The plausible model of interaction between iodine molecules and the adsorption sites 
of SWCNH is shown in Figure 5.7. As SWCNH has diameter range of 2 to 4 nm, it is 
accessible for the iodine atoms having small atomic size (0.25 nm2) where it can be 
adsorbed on the holes and in the interstitial and/or internal tubes spaces of nanohorn, 
blocking those adsorption sites. 
 
 
 
 
 
 
 
 
Figure 5.7 Adsorption model of iodine on the nanohole and in the interstitial and 
internal tube spaces of open SWCNH: before (a) and after (b) adsorption 
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The blocking of micropore especially the narrower pore of SWCNH can be 
verified by adsorption of supercritical hydrogen at 77 K. Since the supercritical H2 is 
preferentially adsorbed in narrower nanopores that are not accessible to N2 molecules,   
and thereby the change in the narrow pore volume can be sensitively detected by H2 
adsorption. The H2 adsorption isotherms on SWCNH and iodine-adsorbed SWCNH 
are close to Langmuirian, implying the presence of strong adsorption field induced 
micropore filling as shown in the Figure 5.8. A depression of H2 adsorbed amount 
with iodine adsorption treatment of about 3.57 mg/g indicates a partial hindering of 
narrower pore particularly in the vicinity of interstitial space. Since the interstitial 
space diameter of dahlia aggregate is about 0.526 nm calculated using the assumption 
of the three circular cross-sections of nanohorns in the dahlia-like spherical aggregate 
[22,23], that size being larger than that of SWCNT thus making it possible to be 
accessed by iodine as well as hydrogen molecules, reducing of hydrogen adsorption 
amount by 16%. 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Adsorption isotherms of hydrogen at 77 K on SWCNH and iodine-
adsorbed SWCNH with coverage of 0.18 denoted by orange and green circles, 
respectively; linear (a) and logarithm (b) plots 
 
Furthermore, using the assumption that density of H2 adsorbed in nanopores is equal 
to the bulk liquid density (0.078 g mL-1) at 20 K, the adsorption amount of 22 mg g-1 
at 0.10 MPa for SWCNH corresponds to 0.28 mL g-1, being about half of the 
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nanopore volume determined by N2 adsorption. The iodine adsorption treatment 
decreases the nanopore volume of SWCNH by 0.05 mL g-1, suggesting that narrower 
nanopores are preferentially blocked by iodine molecules. This is also supported by 
the isosteric heat of N2 adsorption from the Dubinin-Radushkevich (DR) plot [30,31]. 
The DR equation is shown in the following equation  
W/W0 = exp [-(A/E)2], A = RT ln(Po/P),  E=βE0   
 (5.1) 
Here, W is the amount of adsorption at P/P0,W0 is the limiting amount of adsorption, 
which often corresponds to the nanopore volume, E0 is the characteristic adsorption 
energy, and β is the affinity coefficient. βE0 is associated with the isosteric heat of 
adsorption, qst,1/e, at the fractional filling φ of e-1 using the enthalpy of vaporization 
ΔHv at the boiling point through equation 5.2. 
qst,1⁄e = ΔHv+βE0        (5.2) 
The DR plots were linear in the low-pressure region, we obtained the qst,1/e values of 
12.02 kJ mol-1 for SWCNH and 11.62 kJ mol-1 for iodine-adsorbed SWCNH. The 
smaller qst,1/e value of the iodine-adsorbed SWCNH suggests the relative increment of 
the wider pores due to the blocking of the narrow nanopores by preadsorbed iodine. 
 
5.3.3. Electronic properties of iodine-adsorbed SWCNH 
    The Raman spectra of SWCNH and iodine-adsorbed SWCNH in the frequency 
range of 1100–1800 cm-1 is shown in Figure 5.9. The spectrum of SWCNH (Figure 
5.9a) exhibits two typical bands at 1335 and 1591 cm-1 corresponding to the disorder 
feature and tangential modes, which are assigned to D and G bands, respectively [32]. 
An additional weak band at 1618 cm-1 stems from defective graphene wall and oxygen 
terminated holes resulted from the oxidation treatment. Saito et al. reported that the 
broader weak signal around G band is assigned to dispersive phonon mode activated 
from defective structure. Accordingly, the peak located at 1618 cm-1 could be 
assigned to phonon mode, in general indicated as D’ band [33-34]. The iodine 
adsorption does not shift significantly the peak position of D and G bands. Probably 
Raman bands of SWCNH having many defects are not sensitive to adsorption 
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compared with SWCNT. However, the G-band intensity markedly decreases with the 
iodine adsorption treatment indicated by the decrease of G/D ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 The Raman spectra of SWCNH (a) and iodine-adsorbed SWCNH with 
coverage of 0.10 and 0.18, respectively (b,c) 
 
The optical absorption spectra provide the explicit information on electronic 
structure in case of SWCNT. However, SWCNH is highly defective compared with 
SWCNT as understood from an intensive D band in the Raman spectrum and thereby 
we could not observe the interband transitions similar to those of SWCNT. Also any 
18001700160015001400130012001100
Raman shift/ cm-1
current
peak
In
te
ns
ity
/ a
.u
current
peak
current
peak
(a) 
(b) 
(c) 
G/D = 0.91 
G/D = 0.96 
G/D = 0.89 
64 | P a g e  
 
optical absorption peak coming from charge transfer between iodine and SWCNH is 
difficult to identify (Figure 5.10). This should stem from the absence of the van Hove 
singularity in the electronic structure of SWCNH.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 The optical absorption spectra of SWCNH and iodine-adsorbed SWCNH 
denoted by orange and green lines, respectively. 
 
In addition, the electronic structural change as well as chemical shift of SWCNH 
with iodine adsorption treatment was examined by X-ray photoelectron spectroscopy. 
Figure 5.11 shows the C1s and I3d peaks of X-ray photoelectron spectra of SWCNH 
and iodine-adsorbed SWCNH. The C1s XPS peak was deconvoluted using the 
Gaussian-Lorentzian fitting function to determine its peak components. SWCNH 
exhibits a peak with the maximum intensity at 284.2 eV and a broader C1s XPS peak 
with a shoulder around 285.1 eV correspond to the typical of sp2 and sp3 hybrid 
orbital that assign to C=C and C-C  bonding [35], respectively. The peaks in the high 
binding energy region assigned to oxygen-containing functional groups such as C-O 
at 286.0 eV, C=O at 287.0 eV, and COO at 288.9 eV [35]. Iodine adsorption on 
SWCNH does not shift the peak position of C1s component but slightly increase the 
intensity ratio of C=C, indicating that encapsulation of iodine molecules in SWCNH 
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leads to more defect structure of SWCNH may due to modification of their electronic 
structure. The summary of deconvoluted C1s XPS peaks of SWCNH and iodine-
adsorbed SWCNH are referable in Appendix-1. Interestingly, the I3d XPS peak of 
SWCNH after iodine adsorption demonstrates the notable change where the I3d5/2 at 
619.3 eV and I3d3/2 at 630.9 eV [36] can be clearly observed. It reveals that iodine is 
adsorbed on SWCNH. The chemical state of I3d5/2 should associate with the iodine 
species exist as triiodide I3- ion at 619.3 eV [36], suggesting the charge transfer 
interaction from SWCNH to iodine species.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 The C1s and I3d XPS peaks of SWCNH (a) and iodine-adsorbed 
SWCNH (b) 
  
The modification of electronic structure induced by the charge transfer interaction 
between SWCNH and iodine molecules should lead to the change of the electrical 
conductivity of SWCNH. Figure 5.12 shows the dc electrical conductivity change of 
SWCNH with iodine coverage. The electrical conductivity of SWCNH proportionally 
increases with the iodine adsorbed concentration. It has been reported that the 
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oxidation treatment adjusted the electrical response of SWCNH from n-type 
semiconductivity to p-type semiconductivity [10]. The SWCNH used in this study  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 DC electrical conductivity change of SWCNH with various iodine 
coverages 
 
must exhibit p-type semiconductivity and thereby the majority carriers are holes. The 
electron transfer from SWCNH to the acceptor iodine molecules should create the 
hole-carriers, thus enhancing the electrical conductivity. Accordingly, the increase of 
electrical conductivity of SWCNH reveals the weak charge transfer interaction 
between SWCNH and iodine molecules [14]. 
 
5.4. Conclusions  
Tailoring electronic properties of single wall carbon nanohorn (SWCNH) is 
expected to develop the application potential in various fields. SWCNH is efficiently 
modified with iodine molecules by liquid phase adsorption. The adsorption isotherm 
of iodine on SWCNH was Langmuirian with the saturated adsorption amount of 
185±10 mg g-1 (coverage 0.18), indicating a specific interaction between SWCNH 
and iodine. On that maximum coverage, iodine molecules partially hindered the 
interstitial and/or internal tubes spaces of the SWCNH assemblies as verified by the 
decrease of diffraction intensity at lower angle scattering and remarkable depletion of 
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N2 and H2 adsorption uptake, reducing the surface area as well as micropore volume. 
Moreover, the presence of I3d XPS confirmed that iodine molecules were 
encapsulated in SWCNH especially in the polyiodide form. The weak charge transfer 
interaction from SWCNH to iodine evidenced by the enhancement of dc electrical 
conductivity, indicating the modification of electronic structure of SWCNH with 
iodine adsorption treatment.  
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Chapter 6 
Electronic Property Control of SWCNT with 
Adsorption-Aided Encapsulation of 
Photosentisized Methylene Blue Molecules 
in the Tube Nanospaces 
6.1. Introduction  
 Single wall carbon nanotubes (SWCNT) are projected to be one of the most 
prospective materials because of nanometric dimension, distinctive structure and 
unique properties that can be applicable to create new sustainable technologies 
[1,2]. The unique properties of SWCNT such as their high aspect ratio, strength, 
resonant optical absorption, high carrier mobility, and maximum current densities, 
make them an attractive component for nanometer scale optoelectronic devices. 
The adjustment of SWCNT properties is essential to improve their performance, 
developing intriguing applications. Several approaches to modify the properties of 
SWCNT have been proposed [3-7]. 
      It is well known that the spectral range of SWCNT is limited by the specific 
density of states of their electronic structure. Controllable modification of the 
spectral range is required to create efficient optoelectronic devices for SWCNT. 
This modification can be achieved by combining a SWCNT with an appropriate 
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molecule. The selective interaction between chemical species and carbon nanotubes 
can lead to an efficient chirality-controlled separation of SWCNT [8-
13]. Functionalization of SWCNT allows one to enhance their electronic properties 
and is therefore extremely important for their applications. Such functionalization 
is commonly achieved by a chemical reaction attaching a molecule outside the 
SWCNT. Unfortunately, this process has undesirable side effects, such as the 
creation of defects on SWCNT. A more attractive functionalization strategy is to 
encapsulate organic molecules inside the SWCNT without breaking the chemical 
bonds. 
 SWCNT are unique solids for interface chemistry because all carbon atoms of 
SWCNT are faced to interfaces of positive and negative curvatures. Furthermore, 
SWCNT have a tendency to form a bundle structure offering interstitial and 
intratube nanopores surrounded by positively and negatively curved single-wall 
carbons, respectively. Both kinds of bundled SWCNT nanopores have a deep 
interaction potential well for various molecules and ions. 
 Typically, carbon nanotubes acquire a framework structure with sp2 carbon. The 
sidewall of nanotubes is highly hydrophobic and exhibit the extended π-stacking 
[1,2,14]. Such properties permit them to interact with aromatic molecules 
possessing the π-conjugated structure. Gotovac et al. found the notable effect of 
nanoscale curvature of single wall carbon nanotubes on adsorption of polycyclic 
aromatic hydrocarbon [15]. Furthermore, the π-electron coupling between aromatic 
molecules and carbon nanotubes can modulate their electronic and transport 
properties [16]. 
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 Social demand for solar energy-mediated chemistry needs fundamental 
understanding on the interaction between SWCNT and a dye molecule in order to 
utilize solar/light over a wide wavelength range. Also a dye molecule has the π-
conjugated electronic structure and thereby chemical modification of SWCNT with 
dye molecules is indispensable to develop carbon nanotubes-associated solar 
chemistry. 
 Photosensitization is a promising technique that can expand the spectral range 
of light absorption. It is necessary that the absorption band of the encapsulated 
molecule is located in the spectral range where the SWCNT have a low extinction 
coefficient. Dye molecules as well as organic molecules have significant function 
to transform the optoelectronic properties of SWCNT through the molecular 
encapsulation. Current researches on application of dye molecules to 
electrochemical reaction and photosensitizer have been reported [17,18]. 
 Phenothiazine is an important class of dyes primary containing chromopores 
groups and exhibiting photophysical, photochemical and electroactive properties. 
Adsorption of chromopores groups of dye on variety materials include SWCNT 
leads to the considerable change of electronic properties intrigued to the 
applications [13-16]. Methylene blue (MB) being a kind of basic dyes with planar 
structure (1.432 nm x 0.665 nm x 0.407 nm) belongs to phenothiazine compound 
(Figure 6.1). It exhibits an excellent photosensitive function and distinctive 
electrochemical properties. The molecular structure of MB is close to polycyclic 
aromatic hydrocarbon with π-conjugated nature, being a candidate for specific 
interaction with SWCNT. The MB dye was chosen for encapsulation into SWCNT 
because of two reasons: (1) Its absorption does not overlap with the absorption 
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bands of SWCNT and (2) the MB molecule is small enough to be encapsulated into 
the SWCNT.  
  
 
 
 
 
Figure 6.1 Molecular structure of MB 
 
The electronic functionalization of carbon nanotubes with methylene blue dye 
through site-selective physical adsorption using non-covalent bonding is expected 
to extend their performance. The physisorbed MB molecules embedded in the 
internal tube spaces are predicted can tune the electronic structure of SWCNT 
regardless of a geometrical difficulty in the contact between the planar molecule 
and convex surface. 
 
6.2. Experiment 
 Two kinds of SWCNT having different composition and electronic nature were 
selected. One is thermally and chemically purified SWCNT (ASP-100F) 
synthesized by the arc-discharge method are usually 15 µm in length and 1.3 ± 0.2 
nm in diameter with the bundles size is almost 30 nm. It has purity up to 70 wt% 
and contains approximately 10 wt% of catalyst metal. Another is the super-growth 
SWCNT most recently reported by Hata et al. which is a vertically growth of 
SWCNT produced by water-assisted chemical vapor deposition (CVD) that 
S C N 
1.432 nm 
0.665 nm 
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offering high purity, selectivity, uniformity, and specific surface area [19-21]. The 
average diameter obtained from TEM measurement is about 2.85 nm. The super-
growth SWCNT seem to be different with other SWCNT samples because it consist 
a less dense bundle structure that can be regarded as nearly free-standing assembly 
of the nanotubes and offering strong adsorption field. The presence of these defects 
and the loosely packed assembly structure may play an important role in the high 
selectivity on the super-growth SWCNT assembly and thereby promising for 
adsorption study [22].  
6.2.1. Adsorption of methylene blue on SWCNT 
    A cationic dye, methylene blue (MB) has molecular formula 
C16H18N3SCl.3H2O and molecular weight of 373.90 g mol-1. The methylene blue 
solution was dissolved in ethanol to provide different of MB concentration up to 60 
mg L-1. Prior to the adsorption experiment, the SWCNT was oxidized under a 
mixed nitrogen–oxygen gas at 750 K for removing the amorphous carbons as well 
as their caps. The open-end caps structure both of SWCNT is favorable for 
molecular encapsulation. The treated ASP-100F and super growth SWCNT are 
denoted as ASP-SWCNT and SG-SWCNT for further description.  
    Adsorption of MB solution on ASP-SWCNT and SG-SWCNT were carried out 
at 298 K. The SWCNT of 1 mg was dispersed ultrasonically in MB solution over 
concentration range of 0.2 to 60 mg L-1 for adsorption measurement. The dispersion 
of SWCNT samples were filtered with a Millipore porous filter (0.45 µm) and 
washed by ethanol to remove any non-adsorbed MB molecules. The adsorption 
isotherm of MB on ASP-SWCNT and SG-SWCNT was determined by 
measurement of the concentration change of MB solution using the maximum 
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absorbance at 660 nm with an aid of UV-NIR spectroscopy (JASCO V-670). The 
MB-adsorbed SWCNT samples were dried before characterization. 
6.2.2. Characterization of methylene blue-adsorbed SWCNT  
   Infrared spectra over range of 1000-4000 cm-1 were obtained by placing the 
sample on the KBr plate with the aid of FTIR spectrometer (JASCO; FT/IR-410) to 
understand the adsorbed state of MB molecules. Each spectrum was 40 scans 
collected at a resolution of 2 cm-1. Thermal gravimetric analysis was performed on 
TG/DTA apparatus (SHIMADZU; DTG-60AH) in the N2 gas. The gas flow and 
heating rates were 300 mL min-1 and 5 K min-1, respectively. The nanoporosity 
change of SWCNT with MB adsorption was examined with N2 and H2 adsorption 
at 77 K using a volumetric apparatus (Quantachrome) after preheating at 423 K and 
10-4 Pa for 2 h. The pore structure parameters were obtained by subtracting pore 
effect (SPE) method [23,24]. X-ray diffraction patterns were measured at room 
temperature using the synchrotron X-ray with a radiation wavelength of 0.09976 
nm at the Super Photon Ring (Spring-8, Hyogo, Japan); the powder samples were 
set in a Lindemann glass capillary (0.70 mm in an external diameter). The SEM and 
TEM images were taken by means of field emission scanning electron microscope 
(FE-SEM; JEOL, JSM-6330F) under an emission current of 12 µA and high 
resolution transmission electron microscopy (HR-TEM; JEOL, JEM-2100F), 
respectively.  
 The Raman spectrometer applied (JASCO; NRS-3100) was equipped with a 
YAG laser (power 1.5 mW, wavelength 532 nm). Samples were exposed for 3 min 
with triple accumulations and spectra were taken at three different places on the 
surface of each sample for better reproducibility. The fabrication of SWCNT and 
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methylene blue-adsorbed SWCNT films were carried out by spray-coating method 
for optical absorption measurement, where the SWCNT and MB-adsorbed SWCNT 
dispersions were coated on polyethylene terephthalate (PET) substrate. The optical 
absorption spectra were collected using a UV-VIS-NIR spectrometer (JASCO; V-
670). The DC-electrical conductivity of thin films was measured using four probes 
apparatus based on the Van der Pauw method [25].  
 
6.3. Results and Discussion 
    The adsorption isotherms of MB on ASP-SWCNT and SG-SWCNT at 298 K 
are Langmuirian, as shown in Figure 6.2, indicating highly site-selective 
adsorption. The MB adsorption is almost saturated around 25 and 15 mg L-1 of MB 
equilibrium concentration on ASP-SWCNT and SG-SWCNT, respectively, 
supporting the site-selective-adsorption of MB on both SWCNT samples.  
 
 
 
 
 
 
 
 
 
Figure 6.2 Adsorption isotherms of MB on ASP-SWCNT (a) and SG-(SWCNT) at 
298 K 
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The SG-SWCNT shows the higher saturated adsorption amount and lower coverage 
of MB compare with ASP-SWCNT, owing to its larger surface area. The coverage 
of 0.18 and 0.10 for ASP-SWCNT and SG-SWCNT, respectively, indicates the 
fractional filling. The surface coverage was evaluated with the molecular complex 
model introduced by Song et al. [26]. The treated ASP-SWCNT and SG–SWCNT 
having MB molecules of maximum filling were characterized after drying.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 The SEM images of ASP-SWCNT and SG-SWCNT before (a,c) and 
after MB adsorption (b,d) 
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The SEM image of ASP-SWCNT exhibits the uniform size and highly bundled 
structure where the bundles are randomly entangled each other as shown in Figure 
6.3a. On the other hand, the SEM image SG-SWCNT demonstrates the irregular 
assembly structures of nanotubes which are attributed to the presence of 
geometrical defects (Figure 6.3c). The MB adsorption treatment induces a partial 
unravelling of bundles structure of ASP-SWCNT that should associate with the 
specific interaction between MB molecule and nanotubes. In addition, MB 
adsorption significantly causes the separation of assembly nanotubes of SG-
SWCNT due to the defect-induced adsorption field between the tube comprising 
and assembly.   
 The XRD measurement can reveal details of the SWCNT structures such as 
changes in the arrangement of SWNT, intercalation and encapsulation of molecules. 
In this study, the X-ray diffraction technique is used to verify whether MB 
molecules exist inside or outside SWCNT. Figure 6.4a shows the synchrotron X-
ray diffraction patterns of ASP-SWCNT and MB-treated ASP-SWCNT in the small 
scattering wave vector range. The XRD pattern of ASP-SWCNT shows the 
characteristic Bragg peaks which is assigned to the two dimensional triangular 
lattice of the bundled structure of SWCNT and are dominated by the 1 0 peak. The 
three diffraction peaks at scattering factor of 0.70; 0.85 and 1.10 Å-1 correspond to 
the ordered bundle structure of the hexagonal arrays and the peak at around 1.90 Å-
1 is attributed to the well-defined reflection from the graphite lattice plane of 0 0 2 
peak corresponding to the lattice distance of 0.34 nm [27-29]. The MB adsorption 
treatment slightly changes the peaks position and notably reduces their diffraction 
intensity especially 1 0 peak, strongly indicating random encapsulation of MB 
1 µm 
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molecules in the internal tube spaces leads to more disordered bundle structure of 
ASP-SWCNT and modified interlayer distance of hexagonal lattice of ASP-
SWCNT array. Therefore, MB molecules are not inserted in the interstitial spaces 
of the ASP-SWCNT bundles to vary the lattice parameters of the hexagonal bundle 
arrays.  However, the electron density of the bundle should increased by the MB-
adsorption because of the diffraction intensity decrease. The reduction of 
diffraction intensity strongly suggests encapsulation of MB molecules in the 
internal tube spaces. 
 
 
 
 
 
 
 
 
Figure 6.4 The X-ray diffraction patterns of ASP-SWCNT and MB-adsorbed ASP-
SWCNT (a) SG-SWCNT and MB-adsorbed SG-SWCNT (b) denoted by the black 
and red lines, respectively 
 
 On the other hand, the X-ray diffraction pattern of SG-SWCNT (Figure 6.4b) 
is being different from that of ASP-SWCNT. The broad peak with higher intensity 
at scattering factor of 1.51 Å-1 corresponds to the reflection from the graphite lattice 
plane of 0 0 2 peak, corresponding to the spacing between planes in the atomic 
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lattice distance of 0.41 nm. Two peaks at 3.02 and 5.08 Å-1 are assigned to the 
reflection of graphite lattice planes of 1 0 and 1 1 peak, respectively. MB 
adsorption slightly changes the peak position and width, and decreases the peaks 
intensity, suggesting that MB molecules are not adsorbed in the interstitial spaces 
of nanotubes but predominantly exists inside nanotubes.  
 The MB-encapsulated SWCNT was examined by the high resolution 
transmission electron microscopy (HR-TEM). Figure 6.5 shows the HR-TEM 
images of ASP-SWCNT and MB-adsorbed ASP-SWCNT. The bird’s eye and cross-
sections views of SWCNT indicate the highly ordered and uniform bundle structure 
of nanotubes where the intertube distance of the bundle SWCNT is estimated to be 
1.7±0.2 nm. On the contrary, the bird’s eye view of the MB-encapsulated SWCNT 
indicates poorly-ordered bundle structure due to partial swelling of the tube 
structure. Correspondingly, the cross-section view of the MB encapsulated SWCNT 
shows the expansion of the bundle structure; the interube distance is 2.1±0.2 nm. 
Furthermore, we observe distortion of the single carbon walls. The swelling of the 
SWCNT reduces remarkably the crystallinity of the ordered bundle structure, 
agreeing with the marked depression of X-ray diffraction intensity and widening of 
the diffraction peaks. These facts suggest formation of the morphological defect 
such as five or seven member rings due to specific interaction between MB 
molecules and SWCNT.  
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Figure 6.5 The transmission electron microscopy (TEM) images of ASP-SWCNT 
(a,c) and MB-adsorbed ASP-SWCNT (b,d)   
 
 MB adsorption on ASP-SWCNT and SG-SWCNT should contribute new 
functionalities that can be elucidated from FTIR spectra which provide the 
important information about adsorbed state of MB molecules on SWCNT.  The 
FTIR spectra of ASP-SWCNT and SG-SWCNT (Figure 6.6) show the typical 
vibration modes of carbon nanotubes samples such as the peak at around 3400, 
2920, 1600, 1380 and 1100 cm-1 corresponding to the stretching vibration modes of 
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O-H, C-H of methylene group, C=C of benzene ring, C-H of alkanes and oxygen 
related functional groups, respectively [30-32]. The complete vibration modes are 
summarized in Appendix-2. The MB adsorption treatment on ASP-SWCNT and 
SG-SWCNT induces remarkable the higher frequency shifts especially at 3448, 
1636 and 1120 cm-1 corresponding to the stretching vibration modes of secondary 
amine, C=C of benzene ring and oxygen related functional group, respectively. 
Accordingly, it can be suggested that interaction of MB molecules with carbon 
nanotubes predominantly involves the aromatic backbone and secondary amine 
moities, supporting the π-π interaction. Since the MB molecules are predominantly 
adsorbed in the internal tube spaces of SWCNT, the adsorbed MB will strongly 
bound with the internal tube walls, results in the strong effect of molecular motion 
in the internal tubes spaces, leading to the shrinking diameter of nanotubes. 
 
 
 
 
 
 
 
 
 
Figure 6.6 FTIR spectra of ASP-SWCNT and MB-adsorbed ASP-SWCNT (a) and 
SG-SWCNT and MB-adsorbed SG-SWCNT (b) denoted by black and red lines, 
respectively. 
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 Thermal gravimetric analysis (TGA) provides a quantitative estimation to 
determine the thermal stability of SWCNT as well as the amount of adsorbed MB 
molecules on ASP-SWCNT as well as SG-SWCNT. The TG profile of ASP- 
SWCNT (Figure 6.7a) shows the weight loss occurs at around 700 and 920 K, 
indicating the removal amorphous carbon and metal impurities, respectively. On the 
other hand, SG-SWCNT shows the high purity sample (Figure 6.7b). The 
significant weight loss observed in the temperature range below 700 K on both 
sample corresponds to decomposition of MB moieties adsorbed in SWCNT owing 
to its thermally labile nature. The total weight loss of MB-adsorbed SG SWCNT is 
higher than that of MB-adsorbed ASP-SWCNT due to higher MB adsorption 
amount measured from adsorption isotherms. The weight loss verifies the MB 
adsorption on ASP-SWCNT and SG-SWCNT. 
 
 
 
 
 
 
 
 
 
Figure 6.7 Thermal gravimetric profiles of ASP-SWCNT and MB-adsorbed ASP-
SWCNT (a) and SG-SWCNT and MB-adsorbed SG-SWCNT (b), denoted by black 
and red lines, respectively. 
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 The porosity change of SWCNT on MB adsorption was evaluated by nitrogen 
adsorption at 77 K. The adsorption isotherm of nitrogen on ASP-SWCNT and SG-
SWCNT are of IUPAC type II, as shown in Figure 6.8a. The adsorption of nitrogen 
at higher P/Po derives from multilayer adsorption on the external surface of the 
bundles and in larger mesopores and macropores due to the interbundle gaps. The 
nitrogen adsorption uptake on SG-SWCNT is larger than that on ASP-SWCNT, 
indicating the larger surface area. The MB adsorption treatment remarkably 
decreases the nitrogen adsorption amount at the holes pressure ranges and the 
adsorption isotherm of MB-adsorbed SWCNT just shifts downwards, indicating 
that MB molecules are preferentially adsorbed in the micropores as strongest 
adsorption sites in the SWCNT as shown by the logarithmic plot (Figure 6.8b). 
 
 
 
 
 
 
 
 
 
Figure 6.8 Nitrogen adsorption isotherms at 77 K on ASP-SWCNT and MB-
adsorbed SWCNT and SG-SWCNT and MB-adsorbed SWCNT denoted by black 
and red circles and diamonds, respectively; linear plot (a) and logarithmic plot (b) 
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The pore structure parameters of ASP-SWCNT and SG-SWCNT before and after 
MB adsorption were evaluated with subtracting pore effect (SPE) method using αs 
plots of nitrogen adsorption at 77 K [23,24] which are summarized in the Table 6.1. 
The total surface area of SG-SWCNT is being larger compare to that of ASP-
SWCNT since SG-SWCNT has loosely-assembled structure and does not tightly 
compact each other thus most the external surface is exposed to nitrogen molecules.  
 The MB adsorption treatment notably decreases the surface area as well as 
nanopore volume of both SWCNT. The mesopore volume was obtained by 
subtracting the micropore volume from the total pore volume. The X-ray diffraction 
examination showed that MB molecules cannot be observed in the interstitial space 
of SWCNT thus MB molecules should be adsorbed in the internal tube spaces due 
to diffraction intensity decrease. The possible excluded volume of MB molecules 
adsorbed corresponding to the 0.18 and 0.10 filling are evacuated to be 0.14 and 
0.17 mL g-1 for ASP-SWCNT and SG-SWCNT, respectively. Consequently 
nitrogen adsorption data intensively strongly support that MB molecules are 
encapsulated in the internal tube spaces.  
Table 6.1 Pore structure parameter evaluated with the SPE method 
Parameter  ASP -
SWCNT 
MB- 
ASP -SWCNT 
SG-
SWCNT 
MB- 
SG -SWCNT 
S BET / m2g-1  940 602 2080 1300 
S αs/ m2g-1  990 610 2280 1470 
External surface area/ m2. g-1  330 261 1440 1070 
Micropore volume  αs /mL. g-1  0.33 0.19 0.46 0.29 
Mesopore volume / mL. g-1  0.82 0.68 2.10 1.42 
Micropore volume DR/ mL. g-1  0.48 0.28 0.85 0.55 
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 Adsoprtion of supercritical H2 at 77 K also supports selective filling of 
micropores with MB molecules, because supercritical H2 can be preferentially 
adsorbed only in the smaller micropores having relatively strong interaction 
potential with an H2 molecule. Figure 6.9 shows a marked drop in H2 adsorption 
with the MB treatment. The adsorption amount of H2 on the MB-adsorbed ASP-
SWCNT and MB-adsorbed SG-SWCNT are about 35 and 50% of the adsorbed H2 
on ASP-SWCNT and SG-SWCNT, respectively, being the intensive depression of 
H2 adsorption compared with that of N2 adsorption. Thus, N2 and H2 adsorption 
supports that MB molecules are adsorbed in the internal tube spaces of the SWCNT 
bundles.  
 MB adsorption remarkably reduces the H2 adsorption amount on ASP-SWCNT 
and SG-SWCNT almost by 65 and 50%, respectively. Using the assumption that 
the density of H2 adsorbed in nanopores equals to the bulk density (0.078 g mL-1) 
at 20 K the adsorption depression due to the MB adsorption of 10 and 16 mg g-
1 corresponds to 0.13 and 0.21 mL g-1 for ASP-SWCNT and SG-SWCNT, 
respectively, being close to that of N2 adsorption. This is also supported by the 
isosteric heat of N2 adsorption obtained from the Dubinin-Radushkevich (DR) plot 
[33,34]. The DR equation has been widely used to describe the supercritical gas 
adsorption in nanopores as shown in equation  
 W/W0= exp[-(A/E)2],   A= RT ln(P0/P),   E= βE0   (6.1) 
where W is the amount of adsorption at P/P0, W0 is the limiting amount of 
adsorption, which generally corresponds to the nanopore volume, E0 and β are 
characteristic adsorption energy and affinity coefficient, respectively. 
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Figure 6.9 Hydrogen adsorption isotherms at 77 K on ASP-SWCNT and MB-
adsorbed SWCNT and SG-SWCNT and MB-adsorbed SWCNT denoted by black 
and red circles and diamonds, respectively; linear plot (a) and logarithmic plot (b) 
  
The βE0 value can lead to the isosteric heat of adsorption, qst,1/e, at fractional filling 
of 1/e using enthalpy of vaporation (∆Hv) at the boiling point through the equation  
 qst,1/e = ∆Hv + βE0        (6.2) 
The DR plots were linear in the low pressure region where the qst,1/e values are 13.1 
and 11.9 kJ mol-1 for ASP-SWCNT and MB-adsorbed ASP-SWCNT, respectively, 
while for the SG-SWCNT and MB-adsorbed SG-SWCNT are 11.4 and 10.8 kJ mol-
1, respectively. The smaller qst,1/e value of the MB-adsorbed SWCNT suggests the 
relative increase of the wider pores due to the occupation of the narrower 
micropores by pre-adsorbed MB. 
Regarding to the XRD patterns, TEM images, and N2 and H2 adsorption data 
described above, here we propose the plausible interaction between MB molecules 
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and internal wall of SWCNT (Figure 6.10). It is well-known that bundled SWCNT 
provides the adsorption sites. Among them, the interstitial site and internal space 
have the higher potential adsorption, owing to the narrower spaces. Since the 
interstitial site is not accessible for MB molecules owing to the smaller size than 
that of MB, the internal tubes space should easier to be filled by MB molecules 
than the interstitial sites due to the geometrical restriction of the interstitial sites for 
the MB molecules. When MB molecules are introduced inside tubes, it must 
interact with the internal tube wall of negative curvature. The MB molecules 
having a π-conjugated structures must give rise to charge transfer interaction with 
the aromatic backbone of nanotubes wall, results in the charges on the SWCNT 
walls. The charge on the SWCNT should partially unravel the bundle structure.  
 
 
 
 
 
 
 
Figure 6.10 A plausible model interaction of encapsulated MB molecules and 
internal nanotubes wall: bundled SWCNT (a) and MB-encapsulated SWCNT (b) 
 
 A detailed analysis of the radial breathing mode (RBM) can provide the 
additional information about interaction of MB molecules with SWCNT 
particularly, to determine SWCNT diameters. The RBM frequency of SWCNT is 
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actually sensitive to influence by chemical and physical factors as well as tube 
diameters. The chemical factor is chemical doping or functionalization by electron 
acceptor or donor dopants (upshift or downshift due to charge transfer between 
dopant and SWCNT) [35,36]. The most representative physical factors are bundle 
size [37], pressure [38] and temperature [39] effects, which are related mainly to 
van der Walls forces and strength of carbon-carbon force constant of SWCNT. The 
relationship between RBM frequency and diameter of SWCNT can be expressed 
by: 
  bcmnm
d
acmr +=
−− )()( 11ω ,       (6.3) 
where a constant are 248 (ASP-SWCNT) and 227 (SG-SWCNT) and b constant 
equals to zero [40,41]. 
 The ASP-SWCNT shows the RBM peak at 170 cm-1 corresponds to the 
diameter tubes of 1.46 nm may suggest that SWCNT composed of carbon 
nanotubes with similar diameter (Figure 6.11a). On the other hand, the SG-
SWCNT shows the multipeaks distribution of the tube diameter range from 0.8 to 
1.4 nm (Figure 6.11b). The MB adsorption shifts the RBM peak of ASP-SWCNT 
and SG-SWCNT to the higher frequency results in the smaller diameter. The 
diameter reduction should associate with the encapsulation of MB molecules in the 
internal tubes where the aromatic backbone and the functional entities of MB 
molecules should strongly interact with the nanotubes wall. Since the molecular 
structure of MB allows the delocalization of electronic charge and promoting the 
extended π-conjugated system of SWCNT network, the higher frequency shift of 
RBM corresponds to the π-π interaction between SWCNT and MB molecules, 
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creating a “mode hardening effect”[16]. In particular, Gotovac et al. mentioned that 
hardening of RBM modes caused by the perturbation of radial flexibility of the 
aromatic rings in the tube structure, resulted in the shrinking diameter of nanotubes 
[15].  
 
 
 
 
 
 
 
 
Figure 6.11.The radial breathing modes of ASP-SWCNT and MB-adsorbed ASP-
SWCNT (a) and SG-SWCNT and MB-adsorbed SG-SWCNT (b), denoted by the 
black and red lines, respectively.  
  
 Furthermore, Raman spectra provide the important information of electronic 
nature and structure of carbon nanotubes. In particular, the D-band intensity ratio of 
ASP-SWCNT (ID/IG =0.047) is lower than that of SG-SWCNT (ID/IG =0.303) 
indicating the well crystalline SWCNT (Appendix-2). The G-band was fitted with 
five semiconducting Lorentzian lines and a metallic component [35,45]. The fitting 
parameters are summarized in Table 6.2. Encapsulation of MB molecules in the 
internal tube of SWCNT induces the frequency downshift indicating a charge 
transfer between SWCNT and MB molecules [42]. 
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Figure 6.12 The curve fitting of the tangential mode at 532 nm with five 
semiconducting Lorentzian shapes and a metallic shape (green line) of ASP-
SWCNT (a) and MB-adsorbed ASP-SWCNT (b)  
 
In addition, the increase of peak width at lower frequency of G-band indicates the   
intensification of metallic component of SWCNT [43]. This suggests the selective 
interaction of MB molecules with SWCNT results in modification of their 
electronic structures.  
Table 6.2 The Lorentzian fitting parameters of the tangential mode  
ASP -SWCNT MB-adsorbed ASP -SWCNT 
Amplitude Position Width Amplitude Position Width 
456 1550a 6.5 760 1555a 10.3 
1409 1564a 7.3 1700 1563a 2.92 
1238 1570a 6.0 3260 1568a 5.83 
4198 1589b 3.3 10359 1588b 3.36 
1409 1593a 3.9 8583 1591a 3.56 
1768 1600a 8.3 3396 1597a 6.41 
(a) Semiconducting and (b) metallic nanotubes 19,20 
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As well, the Raman spectra of SG-SWCNT and MB-adsorbed SG-SWCNT were 
deconvoluted using Lorentzian fitting function [35,41] to accurately determine the 
D and G bands position as shown in Figure 6.13. The detail fitting parameters for 
SG-SWCNT and MB-adsorbed SG-SWCNT are summarized in the Table 6.3. 
 
 
 
 
 
 
 
 
Figure 6.13 The curve fitting of the tangential mode at 532 nm of SG-SWCNT (a) 
and MB-adsorbed SG-SWCNT (b)  
 
In particular, the G-band was divided into two components, i.e. G- (1570 cm-1) 
and G+ (1593 cm-1) bands corresponding to the semiconducting nanotubes. MB 
encapsulated in SG-SWCNT shifts the G-band position to the lower frequency, 
indicating the formation of more defect structure and modification of electronic 
structure owing to the charge transfer interaction between SG-SWCNT and MB 
molecules, agreeing with the Raman data of ASP-SWCNT. One can suggest that 
Raman shifts should correspond to the presence of specific interaction between an 
aromatic backbone of MB and nanotubes, enhancing the π-stacking interaction and 
thus extending the conjugated system for the charge transfer interaction [13].  
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Table 6.3 The Lorentzian fitting parameters of the tangential mode 
 
 It is well recognized that the optical response of SWCNT is dominated by 
transition between pairs of van Hove singularities in the electron density of state 
[40]. Chemical modification of SWCNT leads to transformation of the electronic 
structure of carbon nanotubes. Therefore, the electronic structure change of 
SWCNT with MB adsorption can be probed with optical absorption spectroscopy. 
Figure 6.14a shows the optical absorption spectrum of ASP-SWCNT where four 
absorption bands originating from the first and second van Hove singularities 
transition of metallic (M11) and semiconducting (S11, S22, S33) nanotubes can be 
clearly identified [44,45].  The MB adsorption induces the notable shifts both of 
metallic and semiconducting transition of SWCNT as well as enhancement of the 
absorption intensity (hyperchromic effect), indicating a perturbation and an 
enrichment in the extended π-network of the nanotube and a remarkable 
modification of electronic structure of SWCNT through a charge transfer 
interaction in density of state of van Hove singularities. The significant effect to 
van Hove singularity pairs can be caused by interaction of the nanotube with 
methylene blue having a large polarizability that may be able to detect the 
difference in absorption energy between metallic and semiconducting SWCNT. 
Component SG-SWCNT MB-adsorbed SG-SWCNT 
Amplitude  Position  Width  Amplitude  Position  Width  
D 307 1336 23 406 1336  19 
G- 753 1570  29  1735  1568  26  
G+ 1270 1593 12  2443 1589  12 
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Figure 6.14 Optical absorption spectra of ASP-SWCNT and MB adsorbed SWCNT 
(a) and SG-SWCNT and MB adsorbed SG-SWCNT (b), denoted by the black and 
red lines, respectively. 
 
 On the other hand, the SG-SWCNT  (Figure 6.14b) exhibits the weak optical 
band at around 1700 and 1900 nm corresponds to the first semiconducting 
transition (S11) nanotubes, indicating the high purity of SWCNT. The MB 
encapsulation in SG-SWCNT changes their electronic structure where the one of 
the S11 peak transition disappears and new broad peak with the weak intensity at 
around 600 nm can be observed, suggesting the selective destruction of 
semiconducting nanotubes and give rise to metallic nanotubes. This result reveals 
the charge transfer interaction between SG-SWCNT and MB molecules. 
  Furthermore, fine structures of these absorption bands are specifically related 
to the distribution of diameter and chiralities of carbon nanotubes [44]. The 
2.0
1.5
1.0
0.5
A
bs
or
ba
nc
e
200015001000500
Wavelength/ nm
(a) 
200019001800170016001500
Wavelength/ nm
0.35
0.30
0.25
0.20
0.15
0.10
0.05
A
bs
or
ba
nc
e
200016001200800400
Wavelength/ nm
(b) 
95 | P a g e  
 
correlation between the transition energy and diameter can be evaluated using 
simple tight-binding (STB) approximation (M11 = 6aγ/d, S22 = 4aγ/d, S11 = 2aγ/d; 
where a,γ, and d are carbon-carbon bond length (0.144 nm), the tight-binding 
nearest neighbor overlap integral (2.9 eV) and diameter, respectively [46,47]. The 
experimental and theoretical results of band gap transitions are summarized in 
Table 6.4. It can be suggested that the STB calculation shows a considerably good 
agreement with the experimental result. Also, the ratios of the excitation energies 
confirm reproducible trend, consistent with the ratio suggested by STB 
approximation. Accordingly, the optical absorption data explicitly clarify the 
electronic interaction between MB and SWCNT through the charge transfer 
between pairs of van Hove singularities.  
Table 6.4 Optical absorption transition 
Sample Transition band / eV 
S11 S22 M11 
(a) (b) (a) (b) (a) (b) 
ASP-SWCNT 0.57 0.70 1.14 1.27 1.72 1.75 
MB-adsorbed ASP-SWCNT 0.60 0.68 1.20 1.24 1.80 1.82 
(a) Theoretical and (b) observation results 
 The optical absorption spectrum of SG-SWCNT exhibits only the first 
transition of semiconducting bands (S11) at around 1700 and 1900 nm, indicating 
the predominant semiconducting nanotubes, due to the high purity. The MB 
adsorption induces the absorption transition of semiconducting to metallic 
nanotubes, indicated by the disappearance of semiconducting band and the 
presence of the weak and broad peak at around 400 to 700 nm that assigns to 
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metallic transition (M11) band. This reveals the electronic transition of SG-SWCNT 
induced by molecular charge transfer. In addition, using the simple tight binding 
(STB) approach as mentioned above, it is found that the nanotubes diameter 
evaluated from the transition energy are in a good agreement with the Raman 
(RBM) result (Appendix-2). The electrical conductivity measurement supports the 
evidence of molecular charge transfer (Table 6.5). The MB adsorption increases the 
electrical conductivity of ASP-SWCNT and SG-SWCNT, suggesting the molecular 
charge transfer interaction between MB molecules and SWCNT.  
                           Table 6.5 The sheet electrical conductivity  
ASP-SWCNT SG-SWCNT 
MB coverage (θ) σ / S.m MB coverage (θ) σ / S.m 
0 33.93 0 52.68 
0.05 56.20 0.06 66.08 
0.08 96.92 0.08 84.16 
 
 The molecular charge transfer between MB and SWCNT should induce a shift 
in the Fermi Level of their electronic structure. The electronic structural change as 
well as chemical shift of SWCNT with MB encapsulation was examined by X-ray 
photoelectron spectroscopy (XPS). The C1s XPS peak of ASP-SWCNT and SG-
SWCNT before and after MB encapsulation are shown in Figure 6.15. The C1s 
XPS peak was deconvoluted using Gaussian-Lorentzian fitting function to 
determine its components. The C1s XPS peak of ASP-SWCNT is decomposed into 
five components. The peak at 284.3 eV represents sp2-hybridized carbons on the 
tube wall, which is comparable to the C1s binding energy of graphite. The small 
peak at 285.2 eV is related to the sp3-hybridized carbons that may originate from 
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the presence of defects of the tube walls. In addition, the peaks in higher binding 
energy region are assigned to oxygen oxygen-containing functional groups such as 
C-O at 286.5 eV, COO at 289.0 eV, and π-π* plasmon satellite peak at 291.0 eV [43, 
48]. The MB encapsulation in the SWCNT downshift the peak position of C1s XPS 
components, indicating a charge transfer interaction. In particular, the remarkable 
shifts peak position in higher binder energy should assign to the specific interaction 
of MB molecules and SWCNT involving aromatic backbone and oxygen related 
functional group, agreeing with the FTIR results.  
   
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15 The C1s XPS spectra of ASP-SWCNT (a), MB-adsorbed ASP-
SWCNT (b), SG-SWCNT (c) and MB-adsorbed SG-SWCNT (d) 
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 Respectively, the deconvoluted C1s XPS peak of SG-SWCNT is decomposed 
into five components, where the peak at 284.1 and 285.2 eV are related to sp2 and 
sp3 hybridization, while the related carbon oxide  (C=O and COO) and a π-π* 
plasmon satellite peaks are located at 286.5, 287.9 and 290.1 eV, respectively. The 
MB encapsulation in SWCNT induces the higher frequency shift of C1s XPS peak 
component, reveals the charge transfer interaction between SWCNT and MB 
molecules. Moreover, the presence of N1s XPS peak on MB-adsorbed SWCNT 
confirmed the MB encapsulation in ASP-SWCNT as well as in SG-SWCNT. The 
summary of deconvoluted C1s XPS peak and XPS spectra of N1s of SWCNT 
before and after MB encapsulation is referable in Appendix-4.  
 
6.4. Conclusions 
We have shown that adsorption of MB on SWCNT in liquid phase is believed 
to be an efficient and simple route for electronic property control of SWCNT. The 
electronic properties control of MB encapsulated SWCNT was intensively 
examined. The encapsulation of MB inside the tubes was proved by the notable 
decrease of X-ray diffraction intensity, depression of the N2 and H2 adsorption 
uptake at 77 K, and disordered structure of SWCNT obtained from TEM image. 
The radial breathing mode, deconvoluted G-band of Raman spectra and X-ray 
photoelectron spectra clarified the modification of electronic structure of SWCNT 
with MB encapsulation owing to the transition in metallic and/or semiconducting 
nanotubes through the molecular charge transfer interaction between pairs of van 
Hove singularities as strongly verified by transition of optical absorption spectra 
and the increase of electrical conductivity. MB encapsulated SWCNT are supposed 
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to be essential for processing of SWCNT for promising applications in 
photochemical sensitizer, electrochemical and optoelectronic devices.  
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General Conclusions 
 
Controlling the electronic structure of single wall carbon nanotubulites is 
crucial for widespread applications in miniaturized optoelectronic devices. We had 
paid more attention to modify the electronic property of single wall carbon 
nonotubulites through the encapsulation of guess molecules with the liquid phase 
adsorption. The iodine and methylene blue molecules were selected for tuning 
electronic structure of single wall carbon nanohorns (SWCNH) and single wall 
carbon nanotubes (SWCNT), respectively. 
In chapter 5, a study about electronically modified SWCNH with iodine 
adsorption was carried out to understand the charge transfer interaction between 
the more highly defective nanocarbon and electron acceptor species. Iodine 
molecules were effectively intercalated in the SWCNH structure where it 
predominantly adsorbed on the holes, interstitial and/or internal tube spaces. 
Interaction of SWCNH with iodine molecules led to the change of their electronic 
structure due to the holes-carrier formation resulted from a charge transfer revealed 
by the notable enhancement of DC electrical conductivity of SWCNH with iodine 
adsorption. 
In chapter 6, the study of electronic property ontrol of SWCNT with                    
adsorption-aided encapsulation of photosentisized methylene blue molecules in the 
tube nanospaces is discussed. Methylene blue is a type of phenothiazine dyes 
offering the unique photosentive function and distinctive electrochemical 
properties that are indispensable to develop carbon nanotubes based molecular 
optoelectronic devices. Tuning diameter and chirality of SWCNT with MB 
molecules having the aromatic backbone structure with the π-conjugated nature 
allows one to modify their electronic structure. We attempted to encapsulate the 
MB molecules in the internal tubes space of SWCNT in spite of a geometrical 
complexity in the contact between the planar molecules and convex surface. The 
interaction of MB molecules with SWCNT having different electronic structures 
was intensively investigated. In this study, two kinds of SWCNT synthesized by 
different methods (ASP-SWCNT and SG-SWCNT) were selected. MB molecules 
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were effectively encapsulated inside tubes spaces of SWCNT. The specific 
interaction between encapsulated MB and the negative curvature of SWCNT led to 
the shrinking diameter and disordering the bundle/assembly structures of SWCNT 
with MB adsorption suggested a charge transfer resulted in the holes formation 
when the electron transferred from SWCNT to MB molecules. The charged-
surface transformed the surface nature of SWCNT form hydrophobic to 
hydrophilic, enhancing their dispersion ability. In addition, the MB encapsulated 
SWCNT remarkably modified their electronic structure which is verified by the 
notable change of the optical absorption transition and the enhancement of 
electrical conductivity. The MB encapsulated SWCNT are supposed to be essential 
for processing the single wall carbon nanotubulites for promising application in the 
optoelectronic devices.  
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Appendix-1 
 
 
 
 
 
 
 
 
 
 
 
A-1.The deconvoluted C1s peaks of SWCNH (a) and iodine-adsorbed SWCNH (b) 
 
 
 
Table 1. The deconvoluted C1s peak components evaluated using Lorentzian 
fitting function  
SWCNH Iodine-adsorbed SWCNH 
Position Int. Width/2 Area Ratio Position Int. Width/2 Area Ratio 
284.1 396.4 0.67 583.4 38.9 284.1 458.1 0.55 545.0 39.9 
284.8 206.2 0.58 260.4 17.3 284.8 199.5 0.52 225.1 16.5 
285.4 203.7 0.79 349.1 23.3 285.4 194.5 0.65 274.6 20.1 
286.5 77.6 0.87 196.9 9.8 286.5 90.6 0.88 174.3 12.8 
288.9 79.0 0.84 145.4 9.7 288.9 68.5 0.81 120.4 8.8 
291.1 11.1 0.60 14.5 1.0 291.1 12.3 0.69 27.8 2.0 
 
 
 
  
106 | P a g e  
 
Appendix-2 
 
 
 
 
 
 
 
 
 
 
 
 
A-2.The deconvoluted C1s peaks of SWCNH (a) and iodine-adsorbed SWCNH (b) 
 
 
Table 2. The deconvoluted radial breating mode components evaluated using 
Lorentzian fitting function  
ASP -SWCNT MB-adsorbed ASP -SWCNT 
Amplitude Position Width Amplitude Position Width 
1687 154 6.2 1026 156 9.2 
9760 169 6.4 7332 172 6.3 
5794 177 6.8 6733 179 9.3 
5197 186 6.2 4403 188 9.2 
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Table  3. The radial breathing mode component 
SG-SWCNT MB-adsorbed SG-SWCNT 
RBM d/ nm RBM d/ nm 
Band/ cm-1 Int./ a.u  Band/ cm-1 Int./ a.u  
164 460.15 1.38 169 565.65 1.34 
185 384.32 1.23 187 560.73 1.21 
211 388.14 1.08 213 463.25 1.07 
224 494.94 1.01 226 560.49 1.0 
232 477.59 0.98 233 530.82 0.97 
267 353.61 0.85 270 463.25 0.84 
287 335.96 0.79 291 386.73 0.78 
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Appendix-3 
 
Table 4. The deconvoluted C1s peak components evaluated using Lorentzian 
fitting function 
ASP-SWCNT) MB-adsorbed  ASP-SWCNT 
Position Int. Width/2 Area Ratio Position Int. Width/2 Area Ratio 
284.2 546.9 0.46 547.1 43 284.1 1118.9 0.49 1075.6 60.4 
285.1 260.9 0.82 460.4 36.8 285.1 190.8 1.28 531.8 29.8 
286.4 64.9 0.87 122.5 9.6 286.6 8.3 1.17 21.2 1.2 
288.9 58.7 0.78 100.4 7.9 289.8 45.2 1.56 153.2 8.6 
290.9 19.1 0.80 34.3 2.7      
          
 
Table. 5. The deconvoluted C1s peak components evaluated using Lorentzian 
fitting function 
SG-SWCNT MB adsorbed SG-SWCNT 
Position Int. Width/2 Area Ratio Position Int. Width/2 Area Ratio 
284.2 2839.9 0.53 3301.47 5.7 284.1 2092.8 0.55 2510.2 53.7 
285.4 561.8 0.94 1157.6 20.1 285.2 305.3 1.13 1245.3 26.6 
286.8 209.1 1.42 648 11.3 286.8 185.2 0.91 391.1 8.4 
290.3 175.6 1.68 642.8 11.2 289.8 136.6 1.78 530.6 11.3 
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Appendix-4 
 
 
 
 
 
 
 
 
 
 
 
 
A-3. The N1s XPS peaks of ASP-SWCNT and MB-adsorbed ASP-SWCNT (a) 
and SG-SWCNT and MB-adsorbed SG-SWCNT (b) denoted by black and red 
lines, respectively.   
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Appendix-5 
 
Table 6. The components of  FTIR spectra 
 
 
Vibration modes  Wavelength/ cm-1 
ASP-
SWCNT 
MB-  
ASP-WCNT 
SG-SWCNT MB- 
SG-SWCNT 
C-O-C  1083 
1121 
1093 
1114 
1082 
1122 
1104 
1200 
C-O  1230 1195 1226 1270 
C-H of alkanes  1385 1385 1385 1384 
C-H bending/scissoring  1427 
1490 
1458 
1538 
1489 1462 
C=C (benzene ring)  1548 1557 1553 1539 
C=O of quinone  1609 1636 1610 1637 
C-Hof methyl group 2853 
2919 
2851 
2915 
2860 2853 
O-H stretching  3427 3452 2924 2925 
   3387 3450 
